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Abstract
In this thesis, we report a process for fabricating high quality, defect-free spherical
mirror templates suitable for developing high ﬁ nesse optical Fabry-Perot resonators.
The process utilizes the controlled re ﬂow of borosilicate glass and diﬀerential pres-
sure to produce mirrors with 0.3 nano meter surface roughness. The dimensions of
the mirrors are in the 0.5-5 mm range making them suitable candidates for inte-
gration with on-chip neutral atom and ion experiments where enhanced interaction
between atoms and photons are required. Moreover the mirror curvature, dimension
and placement is readily controlled and the process can easily provide an array of
such mirrors. The mirror formation process is modeled to predict the dimensions
for particular fabrication parameters. We show that cavities constructed with these
mirror substrates are well suited to quantum information applications such as single
photon sources and atom-photon entanglement.
To demonstrate the versatility of the fabricated mirrors, we conduct an exper-
iment to demonstrate for the ﬁrst time the usage of in-vacuum spherical mirrors
to create a dipole trap for single rubidium atoms and detect the atoms with high
eﬃciency. The mirror serves the dual purpose of focusing the dipole trap as well as
collection of the atomic ﬂuorescence for detection.
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Chapter 1
Introduction
Due to advances in laser technology [1] and atom trapping techniques [2, 3] over the
last two decades, it is now possible to trap and coherently manipulate individual
quantum systems. This level of control has gone hand in hand with the advancement
of Quantum Information Sciences (QIS) with a wide range of applicable discoveries
from factoring algorithms [4] to protocols for secure cryptographic key distribution
[5]. QIS, the union of quantum physics and information sciences, paves the path to
a new regime with a massive increase in computational power and secure cryptog-
raphy protocols. Physical implementations of QIS now include implementation of
the factoring algorithms using nuclear magnetic resonance techniques [6], two-qubit
gates using ion traps and the entanglement of several ions [7]. However, these im-
plementations are still of a modest size and there is an impeding need to expand
QIS to a larger scale by the creation of quantum networks.
A quantum network comprises of individually connected quantum systems via
quantum channels. This provides a scalable architecture for large scale quantum
information processing (QIP) [8]. Nodes in the quantum network send, receive and
store quantum information. The channel allows the ﬂow of quantum information
from one node to the other enabling eﬀective long range interactions and scalable
quantum information processing architectures [9].
In practice, the usual choice for the quantum node is a single neutral atom or
an ion. Trapping techniques for both these particles are well developed where they
can be localized and have minimal interaction with the environment. On the other
hand, popular choice for transmission of quantum information comprises of optical
photons conﬁned in standard telecommunication ﬁbers. However, single atoms and
ions interact extremely weakly with optical photons in free space [10] and this results
in negligibly low rates of information exchange. One approach to improve the atom
1
photon coupling is to use highly reﬂective optical resonators. Resonators increase the
coupling by repeated reﬂection of photons and shrinking the mode volume leading
to an enhancement of the electric ﬁeld at the location of the atom. Recently, an
elementary quantum network has been demonstrated with trapped rubidium atoms
inside high ﬁnesse cavities as two nodes [11].
Most of the cavity experiments have been restricted to macroscopic Fabry-Perot
cavities made from super polished concave mirrors with resulting cavity ﬁnesses on
the order of a million [12]. The potential applications of high ﬁnesse cavities has
motivated research into other fabrication methods to provide greater ﬂexibility in
experimental design. Notable examples of this are the use of ﬁber based cavities [13]
and silicon based processing [14, 15]. Both these approaches have been propelled
by the desire to incorporate the cavity technology with atom chips [2, 3, 1618] and
ion traps. The potential of these approaches have been demonstrated [13, 16] with
each having their own unique advantages and disadvantages.
Silicon-based processing relies on the sophisticated fabrication techniques that
have been well developed by industry. Cavities based on this approach can have
very small dimensions, which leads to a small mode volume and a very high atom-
photon coupling factor [14, 15]. However, the small dimensions make it diﬃcult to
combine these cavities with atomic physics experiments, particularly for ion traps
where anomalous heating scales strongly with the atom-to-surface distance [19].
Fiber-based cavities [13] have been integrated successfully with atom chips, but
recent experiments involving the integration with ion traps proved to be problem-
atic. Moreover, mode coupling to the cavity is completely determined by the ﬁber
geometry and cannot be easily controlled. This has limited the use of these cavities
to atom detection experiments where one is not concerned with the mode in which
the photon exits the cavity.
Cavity based systems are diﬃcult to scale up to create a large system of atom-
photon interfaces and an alternative approach is to use strongly focused laser ﬁelds
for enhanced atom photon interaction [20]. In practice, this is usually achieved by
strongly focusing a near resonant laser beam using a lens. In contrast to cavities, the
strong focusing approach is easy to implement [21] and a number of approaches have
been considered towards scalability. For the purposes of scaling to a large number
of atoms, it is preferred to provide the means to trap and individually address single
atoms.
A large number of individually addressable single atoms have been trapped by
spatial light modulators combined with custom made microscope objectives [22], but
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the method is neither simple nor low cost. Micro lens arrays have also been used to
create arrays of approximately 80 individually addressable optical dipole traps [23],
but ensuring single atom occupancy was not possible. An alternative approach is to
use spherical mirrors.
Spherical mirrors are easy to integrate with both ion traps [24] and neutral
atom experiments. In the case of neutral atoms, an optical dipole trap can be
formed by focusing collimated red detuned light with the spherical mirror [25]. If
the radius of curvature of the mirror is small, the focus is tight enough to engage
the collisional blockade phenomenon [26] which ensures that only one atom can be
trapped under weak loading conditions. Alternatively, light-assisted collisions in a
tightly conﬁning dipole trap can be used to prepare single atoms [27]. Moreover,
the interaction light can be focused by the same mirror to a tight spot for free space
atom-photon coupling. Although spherical mirrors suﬀer from aberrations, these
can be corrected with proper optical elements outside the vacuum chamber [24] and
become less signiﬁcant with decreasing mirror dimensions. For a suﬃciently small
radius of curvature, there can be a signiﬁcant coupling of the light reﬂected by the
mirror into a single mode ﬁber [28].
In the course of this thesis, we developed a fabrication technique that bridges
the gap between the existing technologies, producing mirrors with large enough
dimensions for easy integration with experiments yet small enough to enable tight
focusing of the dipole trap [29].
Organization of the Thesis
The principal focus of the thesis was the development of a fabrication method for
producing high quality mirror substrates with tight radii of curvature for quantum
information applications. The thesis is divided into two parts : part one deals with
fabrication of mirrors for micro cavities and part two deals with the use of the mirror
for an atom trapping experiment. In the ﬁrst part, the thesis introduces a versatile
technique for fabrication of ultra-smooth mirror surfaces. To demonstrate their
usefulness, we construct cavities with parameters in the strong coupling regime. In
the second part of the thesis, we describe an experiment where a single fabricated
mirror is used to strongly focus a far oﬀ resonance trap (FORT) beam [30] to trap
a single atom.
In Chapter 2, we start with the theoretical discussion of Fabry Perot cavity
parameters. We discuss the properties of Gaussian beams [31] which describe the
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light ﬁeld inside the optical resonators. We introduce the transmission and reﬂection
properties of a cavity at resonance and important cavity parameters such as the
free spectral range, ﬁnesse and the photon decay rate [31] as well as the geometric
properties such as the cavity waist, mode volume and stability length. We conclude
this chapter with the description of the atom-photon coupling constant and the
single atom cooperativity parameter [32] which are important parameters for QIP
experiments.
In Chapter 3, we describe in detail the two fabrication methods we used to
fabricate mirror substrates with tight radii of curvature. We discuss the structural
properties of glass and several transition temperatures both our fabrication methods
involve the melting of glass. Next, we introduce the horizontal tube furnace used
in both processes and its properties which allow us to control the temperature and
pressure precisely. We conclude the chapter by describing a model of the fabrication
process developed in the course of this thesis which can be used to predict mirror
shapes when the fabrication conditions are known.
Chapter 4 focuses on the characterization of the mirror substrates in terms of
surface quality, dimensions and cavity parameters. Surface data extracted using
scanning electron microscopy and optical proﬁlometry is used to evaluate the surface
quality of the fabricated mirror substrates. A new method using the properties of
Gaussian optics [31] to measure the radius of curvature of the curved surfaces is
described in detail. In conclusion, we describe the setup required to measure the
cavity ﬁnesse which in turn is used for the estimation of the cavity parameters and
suitability for strong atom-photon coupling.
The second part of the thesis begins with Chapter 5, introducing the theoretical
background of laser cooling and trapping of neutral atoms. We start with the basics
of laser cooling and proceed to discuss the theoritical workings of a magneto optical
trap for neutral rubidium atoms. Next, we talk about the theoretical background of
a far oﬀ resonant trap for the experiment and describe properties such as trap depth
and trapping frequencies. As we use light assisted collisions in our experiment to
ensure a single atom in our dipole trap, we conclude the chapter with a discussion
of this mechanism.
Chapter 6 looks at the experimental details for the single atom-mirror exper-
iment. The ultra high vacuum chamber required for the experiment is presented
along with the frequency setup for the cooling and detection beams. We charac-
terise the dipole trap formed by reﬂecting incident light with our fabricated mirror
and discuss the optical setup for trapping and detection of single atoms. The chapter
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ends with the details of the experimental control system.
Chapter 7 describes the experiments to load and characterize the optical dipole
trap. The initial experiments involve loading multiple atoms and measuring trap
frequencies by detecting atom losses due to parametric heating [33]. This is followed
by experiments where we prepare single atoms in the trap and measure their lifetime
and temperature.
We conclude the thesis in Chapter 8, where we discuss the potential applications
of the techniques developed over the course of the thesis. The current limitations
of the experimental techniques are discussed and we oﬀer suggestions to overcome
these limitations in the future.
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Part I : Fabrication of Glass





This chapter provides the theoritical background to describe optical cavities. We
start with the description of Gaussian beams which govern the properties of light
ﬁeld conﬁned inside an optical cavity. We also describe the geometrical, transmis-
sion and reﬂective properties of stable Fabry Perot cavities. Since we are motivated
to build eﬃcient atom-photon coupling interfaces for quantum information applica-
tions, we brieﬂy describe the atom-photon interaction inside an optical resonator and
introduce the single atom cooperativity parameter. This parameter is an important
ﬁgure of merit for comparing diﬀerent cavities in terms of atom photon coupling.
2.1 Gaussian Beams
The light ﬁeld inside optical cavities is well described by a Gaussian waveform. A
Gaussian beam has spherical wavefronts [31] which are planar at the beam waist
minimum. The cross sectional intensity distribution of the beam is given by a
radially symmetric Gaussian function










where w0 is the minimum waist size, z is the axial propagation distance which is zero
at the minimum beam waist and r is the radial distance from the axis of symmetry.
The beam waist of the Gaussian beam w0, is the radial distance at which the
intensity drops to 1/e2 of its peak value as shown in Fig.2.1 and is a standard
quantity used to characterize the beam. The beam waist w(z) and the radius of the
wavefront R(z) as a function of the propagation distance z are given by
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Figure 2.1: Gaussian intensity proﬁle. The waist of the beam i.e the 1/e2 radius is















where zR is the beam parameter known as the Rayleigh length which characterizes
the length scale at which the beam waist expands to
√
2 times the beam waist





where λ is the wavelength. To characterize a Gaussian beam, the only parameters
required are the minimum beam waist w0 and the wavelength λ.






where f is the focal length of the lens. This relation is used to ﬁnd a suitable lens
to couple light into the cavity mode by mode matching.
Apart from the fundamental mode of the cavity there are higher order modes
present inside the cavity as shown in Fig.2.2. In the absence of perfect mode match-
ing, these higher order cavity modes are populated and their resonant frequencies















Figure 2.2: Transverse Electromagnetic modes. Starting from top left in clockwise
order: TEM00, TEM10, TEM22 and TEM20.
where TEMmn is the mode.
These modes are higher order solutions of the Helmholtz equation when solved in
the Cartesian coordinates are called Hermite-Gaussian modes. The Gaussian mode
is the simplest of the Transverse Electromagnetic modes and is denoted by TEM00.
Power in the higher order modes will reduce the power of the fundamental TEM00
mode of the cavity. While coupling light eﬃciently into the fundamental mode,
power in the higher order modes is reduced by proper mode matching of the input
beam with the cavity mode.
2.2 Optical Cavity
A Fabry Perot resonator comprises of two reﬂective mirrors and conﬁnes light by
repeated reﬂection. We describe the reﬂective and transmissive properties of the
optical cavity at resonance and introduce characteristics that determine the merit
of the cavity for strongly coupling light with single atoms.
If the reﬂectivity of the cavity mirrors is given by R, the transmissivity is given
by
T = 1− (l +R), (2.6)
where l are other losses, mainly absorption and scattering. The reﬂected intensity













where I is intensity of the incident light.
Since T is the transmissivity of a single cavity mirror, we can estimate the






Assuming the scattering and absorption losses to be zero and a modest reﬂectivity
of R = 99%, the circulating power inside the cavity is approximately 100 times the
input power. In high ﬁnesse cavities used for cavity QED experiments with high
reﬂectivities of typically around 99.999% , the circulating powers are several hundred
thousand times of the input power. This enhancement is critical if increasing the
interaction between the atom and the cavity mode.
A quantity which determines the spacing between each resonant peaks is called
the free spectral range (FSR) and is given in frequency units by




and is only dependent on the length of the cavity.
The line width of the cavity or the full-width half maximum (FWHM) of the
transmission or reﬂection peak is an important parameter used to evaluate the qual-






where F is a quantity known as ﬁnesse. The ﬁnesse determines the quality of the









where R1and R2 are the reﬂectivities of each mirror and the expression on the right
is applicable for mirrors with equal reﬂectivities. Once we know the length of the
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cavity and its transmission line width accurately, we can determine the ﬁnesse which
is an indicator of the mirror quality. We will use this technique later in the thesis
to evaluate the quality of our mirror substrates.
A single photon inside the cavity bounces several times before it eventually leaks
out of the cavity mirror. The higher the reﬂectivity of the mirrors, the longer is the
conﬁnement time of the photon inside the cavity. The inverse of the photon lifetime




. = 2piδv. (2.13)
Surface Quality and Reﬂectivity
To keep the cavity photon decay rate κ low such that a photon inside the cavity has
suﬃcient time to interact with the atom, high reﬂectivity mirrors are required. The
fundamental requirement for high reﬂectivity mirrors is ultra smooth surface quality
such that the photon is not lost by scattering from surface defects. A quantity used
for characterizing the roughness of surfaces is the root mean square (RMS) [34]









where z(x, y) is the height at the point (x, y) with an average height of zero. If the
reﬂectivity of the surface is limited only by the surface roughness then the reﬂectivity









where λ is the wavelength of the incident light. In order to obtain ﬁnesse F > 105,
the surface roughness of the mirrors should be less than 0.2 nm. In our fabrication
methods, we aim for sub nanometer roughness to achieve high ﬁnesse cavities.
Half-symmetric Optical Cavity
The stability condition for optical resonators is given by [36]
0 ≤ g1g2 ≤ 1, (2.16)
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where g1,2 = 1 − L/R1,2 are the resonator parameters of mirrors 1,2 of a cavity of
length L and with radii of curvatures R1,2. In practice, two plane mirrors cannot
be used to form a stable optical resonator and curved mirrors are used instead. In
testing of our mirror substrates, we construct a half-symmetric optical cavity where
one of the mirror is a ﬂat substrate and the second mirror is our tightly curved
mirror substrate.























Figure 2.3: Half symmetric optical cavity.
As shown in Fig. 2.3, the waist of the cavity mode inside the cavity lies on the
plane mirror while the radius of curvature of the wavefront must match the radius
of the curved mirror at a distance L, ie R(L) = Rmirror. Using this condition, the






We fabricate micro mirror substrates to obtain a tight waist of the cavity light
ﬁeld. Over the course of this thesis, we fabricate mirror substrates with radius of
curvatures (ROC) ranging from 100 µm up to 5 mm. In Fig. 2.4 we plot the cavity
mode waist size as a function of length for a 150 µm and 0.5 mm ROC cavity for
780 nm light. From the plot, we notice that the waist size reduces drastically when
12

























Figure 2.4: Cavity waist as a function of length. Top: Mirror with ROC 0.5 mm.
Bottom: Mirror with ROC 0.15 mm.
the cavity length is either very small or approaches the mirror curvature. For the
cavity with ROC = 0.5 mm, the maximum waist size is less than 8 µm even for a
large cavity length of 250 µm, which is several times better than its macroscopic
equivalent. Such a cavity length would also allow easy positioning of atoms directly
in the cavity mode. For the ROC = 150 µm and cavity length of 120 µm, we can
obtain a cavity mode waist as small as 3 µm.
The mode volume of the cavity is an important parameter in determining the
merit of the cavity for enhancement of the light ﬁeld. Assuming a Gaussian standing
wave, the cavity mode is given by
ψ(r, z) = sin(kz) · exp(−r2/w20), (2.20)
where the ﬁrst term corresponds to the modulation of the amplitudIn Table 2.1, we
compare the existing cavity technologies relevant to strong coupling on the basis of
a few parameters. Firstly, the ROC is an indicator of the size of the cavity beam
waist as well as how the cavity dimensions make it easier to intergrate with micro-
trapping methods like atom chip and ion trap. Next, the ﬁnesse as mentioned earlier
is an indicator of the mirror quality and indicates how successfully a single photon
will be conﬁned between the cavity mirrors. The cavity length is important as a
matter of practicality when we have to use some means of trapping to position an
atom inside the cavity and in ion traps where the cavity mirrors cannot be too close
to the ion because of the anomolous heating eﬀect. Finally, the output mode of the
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cavity is imporant in quantum information experiments like remote entanglement
and teleportation where the output light from the cavity should be single mode.e
for a standing wave.
Integrating it over the length of the cavity and the radial distance, we obtain the











The mode volume not only depends on the waist of the cavity mode but also on
the length of the cavity. If we express the waist of the cavity in terms of the length





RL3 − L4, (2.22)
meaning a smaller length of the cavity would result in a smaller mode volume.
2.3 Atom Photon Interaction
The motivation behind the fabrication of micro cavities is to enable strong coupling
between the cavity mode and an atom. In this strong coupling regime, the atom-
photon coupling rate is much stronger than any energy dissipation sources, allowing
us to study the coherent exchange between the cavity ﬁeld and atom while ignoring
the dissipation sources.
If we consider a simple two level atom inside a cavity, the atom-photon coupling
rate is given by g, while sources of energy losses are given by the atomic decay rate
γ [37] and the cavity ﬁeld decay rate κ. The atomic decay rate is governed by the
spontaneous emission of the atom into modes other than the cavity mode and is
ﬁxed for the relevant transition. The cavity ﬁeld decay rate κ as introduced earlier
depends on the leakage and absorption due to the mirror coating and substrates,
and can be reduced by using smooth mirrors of high reﬂectivity.
Strong Coupling
The condition g  max(γ, κ) needs to be satisﬁed for the cavity to be in the strong







where d is the atomic dipole moment and E(r) is the position dependent electric
ﬁeld of the cavity mode.
The coupling term can be further simpliﬁed to
g(r) = g0ψ(r), (2.24)
where g0 is the maximum atom-photon rate at the maximum of the cavity mode
and ψ(r) is the cavity mode ﬁeld introduced earlier.






where Vm is mode volume of the cavity calculated earlier, the maximum coupling
rate is given by









where ωc is the cavity mode frequency and the second form corresponds to a two
level atom in free space.
From the equations, we can infer that for a given atomic species, reduction of
mode volume increases the atom-photon coupling rate. However, reduction of the
length of the cavity increases the cavity decay rate κ and this is important while
trying to achieve strong coupling. A quantity used to compare the coupling strength





where an atom-cavity system with C0  1 is considered to be in the strong-coupling
regime. We will use the single atom cooperativity parameter to characterize our
experimental cavities.









as a function of the ﬁnesse F and the waist w. Thus a given cavity with a ﬁxed
ﬁnesse, the single atom cooperativity is inversely propotional to the square of the
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beam waist.








Figure 2.5: Single-atom cooperativity C0 for a cavity with a ROC = 0.5 mm and
ﬁnesse F = 20, 000 as a function of cavity length.
If we consider a half symmetric cavity of ROC = 0.5 mm and assume a moderate
ﬁnesse of F = 20, 000, the single-atom cooperativity as a function of cavity length in
given in Fig. 2.5. Even for such a moderate ﬁnesse, the single-atom cooperativity C0
is typically above 40 for the lowest value. We can conclude that despite a moderate
ﬁnesse, a small beam waist ensures a strong atom photon coupling.
2.4 Comparision with Existing Technologies
In Table 2.1, we compare the existing cavity technologies relevant to strong coupling
on the basis of a few parameters. Firstly, the ROC is an indicator of the size of the
cavity beam waist as well as how the cavity dimensions make it easier to intergrate
with micro-trapping methods like atom chip and ion trap. Next, the ﬁnesse as
mentioned earlier is an indicator of the mirror quality and indicates how successfully
a single photon will be conﬁned between the cavity mirrors. The cavity length is
important as a matter of practicality when we have to use some means of trapping to
position an atom inside the cavity and in ion traps where the cavity mirrors cannot
be too close to the ion because of the anomolous heating eﬀect. Finally, the output
mode of the cavity is imporant in quantum information experiments like remote
entanglement and teleportation where the output light from the cavity should be
single mode.
Typical ROC Finesse Cavity Length Output Mode
Macro Mirror 5 cm Upto 1 million >50 µm Single Mode
Silicon Micro-Mirror 100 µm 64,000 20-200 µm Multi Mode
Laser Ablated Fibers 200 µm 40,000 150 µm Multi Mode
Proposed Mirrors 500 µm to 2 cm >20,000 Flexible Single Mode




The current methods of fabricating mirrors for cavity quantum electrodynamics
(CQED) include traditional glass polishing [38], silicon-based microfabrication [14]
and laser ablated optical ﬁbers [13]. Although conventional glass polishing methods
create cavity mirrors with smooth surfaces, it is hard to create mirrors with radii
of curvature below 2 cm. However, silicon micro fabrication techniques and laser
ablation produce cavities with radii of curvature typically below 200 microns [13, 15].
Our current fabrication method using controlled reﬂow of borosilicate glass bridges
the dimension gap between these technologies while acheiving smooth surface quality
and a tight radius of curvature.
Trapped air bubbles in molten borosilicate glass have been used before to fabri-
cate a curved mirror for a half-symmetric cavity [39]. Though restricted by moderate
surface quality, the sphericity and tight radius of curvature were promising for appli-
cations where strong coupling of the cavity mode with single atoms or quantum dots
was required. We report in this chapter our attempts to replicate the fabrication
process and to improve the surface quality.
In the second part of the chapter, we report a new method of fabrication of
smooth mirror substrates where a pressure diﬀerence is used to shape molten glass
into a spherical shape. Controlled cooling of the glass produce smooth surfaces
with sub-nanometer roughness and the ﬂexibility of the process allows us a wide
range of mirror dimensions. We also model the fabrication process such that we can




Glass can be described as an amorphous solid lacking long range periodic atomic
structure. The viscosity of glass decreases with increasing temperature and at high
temperature, the glass undergoes a time dependent deformation with the application
of force. At high temperature, the viscosity of glass is governed by the VFT equation
[40]
log10η = −A+ B
T − T0 , (3.1)
where η is the viscosity of glass in Pa.s and A,B and T0 are constants charac-
teristic of the glass used. In Fig. 3.1, we plot the viscosity of borosilicate D 263
glass [41] as a function of temperature using the parameters from the vendor. The
softening, annealing and the strain points are three key temperatures relevant for
heating, cooling and deformation of glass. The softening point is the temperature at
which the viscosity of the glass is low enough allowing it to be deformed in a reason-
able time. At the annealing point, the glass is still hard to deform yet soft enough
for stresses to relax. The strain point is the temperature below which permanent
stresses cannot be induced in the glass.

























Figure 3.1: Dependence of the viscosity of borosilicate D 263 with temperature.
The cooling procedure of the glass from high temperature has to be controlled
precisely otherwise residual stresses due to non-uniform cooling get embedded in the
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glass matrix. The resulting glass shatters easily due to weakened structural property
and exhibits surface defects such as pits and cracks.
When the viscosity of glass is low at higher temperature, the glass achieves an
equilibrium shape immediately throughout the bulk structure. With lowering of
temperature, the viscosity increases and the time taken to reach equilibrium shape
also increases. At a certain temperature, the outer part of the glass attains a solid-
like structure while there is still a liquid-like internal structure. If we cool the glass
quickly, stresses due to diﬀering structural properties remain frozen in the bulk of
the glass. Thus while cooling, especially between the annealing and the strain point
where the glass structure is midway between a solid and a liquid, care has to be taken
to ensure even cooling throughout the glass structure. In our fabrication process,
we take precautions to cool extremely slowly between these two points to create
defect-free surfaces.
High Temperature Tube Oven
In both of our fabrication methods, we melt borosilicate glass to either trap air
bubbles or shape them into spherical mirror substrates. As borosilicate glass has
a softening point around 800 oC, and ﬂows freely at even higher temperatures, we
require a high temperature furnace for this process. Furthermore, the temperature
of the furnace should be stable for the fabrication process and we should have the
capability to program the variation of the temperature with respect to time.
Our ﬁrst fabrication method to trap air bubbles inside molten glass takes place
in temperatures such as 1100 oC and we need to ﬁll the chamber with an inert gas
like nitrogen as we use combustible graphite holders. Our second fabrication method
uses pressure diﬀerence to control the shaping of molten glass into a spherical surface.
Along with the control of temperature of the furnace, we thus need precise control
over the pressure inside the chamber and the ability to introduce various gases if
the process demands it.
For melting the glass for these two processes, we use a high temperature hori-
zontal tube oven from Carbolite. The oven can go up to a maximum temperature
of 1200 oC and the temperature can be precisely controlled and stabilized to a few
degrees Centigrade. Additionally, temperature ramps can be programmed which
enable controlled cooling of the substrates. The substrates are placed inside an Alu-
mina work tube which can withstand high temperatures. The work tube is closed at
two ends with end caps, one of which is connected to a vacuum pump for evacuation
of the furnace. The other end can be used to introduce an inert gas like nitrogen or
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helium during the melting process.
The pressure is controlled by an electronic pressure gauge which can stabilize the
pressure inside the oven from a few millibars to atmospheric pressure. Additionally,
pressure ramps and holds can also be programmed as required. The stability of the
pressure inside the furnace is only precise to 15 millibars and this contributes later
to the uncertainty of the results of the fabrication process.
3.1 Fabrication of spherical mirrors using trapped
air bubbles in glass
In this method we use air bubbles trapped inside glass to create micro mirrors.
Due to surface tension, the air bubbles trapped in molten glass retain a perfectly
spherical shape with a smooth surface. If the inner surface of these bubbles is
carefully exposed, it can be used as a mirror substrate. Air bubbles trapped inside
the glass are small in size with a typical radius on the order of a few hundred microns.
To implement this, we melt a stack of thin glass rods in a graphite substrate.
Graphite is used as it can withstand the high temperature. An alternative material
like Alumina or Macor is not used as the glass bonds to them at high temperature.
We replace the air inside the furnace with inert nitrogen gas because the graphite
combusts at the high temperatures if air is present. When the glass rods melt and
collapse, they trap nitrogen bubbles as shown in Fig. 3.2. At this temperature,
the molten glass ﬂows easily and spherical glass bubbles are formed due to surface
tension.
We use BK7 glass in this process as it is a hard glass commonly used for high
quality optical components. The glass softens at 719 oC and ﬂows easily at higher
temperature. The glass is melted at 1100 oC to trap air bubbles, with the bubbles
taking a spherical shape swiftly. The glass has to be cooled gradually from the
high temperature as cracks develop if done otherwise. The furnace is cooled over
5 hours to a temperature of 557 oC and maintained further for another hour. The
annealing temperature for BK7 is 557 oC, and once the glass is annealed for an hour,
strains and defects in the glass matrix are slowly removed by relaxation. Beyond
the annealing temperature, the glass is cooled to room temperature as quickly as
the furnace can manage. The glass substrate with the trapped air bubbles is ready
for the next grinding process to expose the bubble.
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(a) Before Melting (b) After Melting
BK7 Glass Rod Stack
Graphite Holder
Figure 3.2: Melting of borosilicate glass rods to trap air bubbles.
Grinding and Polishing Process
The glass substrate has to be ground down to expose the air bubble trapped inside.
Once this is done, the other side of the substrate needs to be polished to optical
ﬁnish in order to transmit light without distortion. The glass substrates after the
melting process are of irregular shape. While exposing the air bubble, we have to
ensure that we do it slowly with control over the depth of the polishing.
For controlled polishing and grinding of our glass substrates, we use a MultiPrep
System from Allied High Tech as shown in Fig. 3.3. The system comprises of a
ﬁxed arm above a spinning disc. Various lapping ﬁlms, abrasive discs and polishing
cloths can be attached to the spinning disc for the surface quality required. A
micrometer attached to the ﬁxed arm is used to measure the amount of material to
remove or preset to control precisely the depth of polishing to an accuracy of 5 µm.
Dual micrometers on the side of arm allows precise sample tilt adjustment relative
to the abrasive spinning disc. The speed and direction of the spinning disc can
be controlled, and there is a controlled coolant system to prevent accumulation of
debris. Additional loads can be added to the ﬁxed arm for quicker material removal.
The steps involved in preparing the glass bubbles for micro cavities are:
1. The irregularly shaped glass substrates after the melting process is attached to
a parallel polishing ﬁxture using mounting wax as shown in Fig. 3.4. Mounting
wax allows easy removal of the substrate when heated and residual wax is
removed by dissolving in acetone. We use a bonded diamond disc with 60 µm
grit size to grind down one side of the glass substrate till the surface is parallel
to the polishing ﬁxture.
2. The substrate is turned over and polished again to make it parallel to the
ﬁxture. The substrate grounded to a sheet with parallel sides.
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Figure 3.3: Grinding and polishing system for exposing the bubbles in glass for
making micro cavities.
3. We switch the bonded diamond disc with a 35 µm grit size lapping ﬁlm. The
ﬁner lapping ﬁlm allows controlled removal of material as well as prevention of
large debris otherwise destroys the smooth surface. We examine the substrate
under an optical microscope at frequent intervals to check if we have exposed
a bubble. Once we expose an air bubble we switch to a 6 µm grit size lapping
ﬁlm for ﬁner control of the grinding depth and proceed with the grinding.
4. With the 6 µm grit size lapping ﬁlm, we continue grinding till less than half of
the bubble remains. During this process, we have to ensure that our grinding
speed is slow such that no debris gets into the exposed bubble and destroys
the surface quality. We use soap water to reduce the amount of debris sticking
to the inner surface of the bubble.
5. Once the bubble is exposed to our required depth, we remove it from the
polishing ﬁxture and clean it to remove all loose debris. After a few trials,
we found that cleaning them in an ultra sonic bath with acetone followed by








Figure 3.4: Mounting and polishing of glass substrate to expose inner surface of
bubble.
the mounting wax to protect the surface as we go on to polish the opposite
side to an optical ﬁnish.
6. The opposite side is polished with a 6 µm grit size lapping ﬁlm for an hour
followed by a 1 µm lapping ﬁlm. To obtain an optical ﬁnish we use a polishing
cloth along with a 0.05 µm silica suspension. The disc speed is kept slow,
and the polishing cloth is kept wet continuously to prevent the dry cloth from
scratching the surface.
7. We clean the entire substrate again in an ultra sonic bath with acetone followed
by distilled water. The acetone and the distilled water should be of optical
grade. The acetone dissolves the mounting wax exposing the bubble. Care has
to be taken to ﬂush the substrate immediately after the acetone with distilled
water otherwise the acetone evaporates rapidly leaving behind a thin layer of
wax. After every step, we examine the bubble under an optical microscope,
and we repeat the cleaning if necessary.
On examination under the optical microscope as shown in Fig. 3.5, the near
perfect circular shape of the bubble is evident. Surface defects such as pits, cracks
and blemishes become more obvious when examined under high magniﬁcation like in
Fig. 3.5(b). All the cleaning process including sonication in solvents is not suﬃcient
to remove all the debris from the grinding process.
The fabrication process is slow with a high rate of contamination. Even with
a micro ultra-sonic bath, we failed to remove debris once it has been stuck to the
inner surface of the bubble. Usually only one out of ﬁve substrates was indeed
useful as a mirrors substrate. Since we do not have any control over the size and the
location of the bubbles, making an array of mirrors with similar dimensions is not
possible. Considering all the limitations of this process, we developed a new process
of making mirror substrates with control over the dimension and location as well as
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(a)
Figure 3.4: A Typical Exposed Bubble seen under 5X. This is a typical
bubble after exposure through grinding seen under 5X microscope objective. As
expected, the bubble shows a circular cross-section. The diameter of the circular
hole shown above is 260µm.
measured at intervals between polishing. The radius of curvature is obtained
by taking half of the maximum diameter measured. This method is accurate
to a good degree because the cross-sectional diameter of a sphere varies very
slowly near the middle of the sphere. This will be discussed more in the next
section.
The top surface, with the open bubble, is finished on the polishing wheel with
a diamond disc with nickel-plated diamonds in a raised dot matrix pattern of
30µm grit size. The bottom surface is polished using a polishing cloth with
0.05µm colloidal silica suspension on it, giving an optical-quality finish. Cui
et. al. [19] reported that they achieved nanometer roughness on the bubbles’
interior using this method. Also, they report a high degree of sphericity- at
the bottom of a dimple, in a circle of 15µm diameter, the deviation from




Figure 3.6: Interior of a bubble after coating un er 50X. This is how the
interior of the bubble in the previous figure looked after coating, vie ed through
a 50X microscope objective. A few pits and blemishes have been circled in red.
3.3 Set p of t e Cavity
The cavity was set up as shown in Fig.(3.7). The cavity consists of a plane
mirror and the curved micro-mirror of Rc = 175µm. The plane mirror is
epoxy-ed onto a piezo-electric transducer (PZT), which is itself glued onto a
macor holder. The glass substrate containing the micro-mirror is epoxy-ed
onto an aluminium plate, which is then screwed onto the macor holder to
form the complete cavity.
The cavity length was chosen so that the cavity would be mode-matched
with our input laser. During operation, a laser of the appropriate beam
waist is passed into the cavity. The PZT is connected to a PZT scanner and
the potential difference between the two sides of the PZT is varied, causing
the length of the PZT to change by small amounts. The transmitted and
reflected beams from the cavity are then picked up by a detector connected
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Figure 3.5: Exami ation of exposed glass bubble. Top: A typical exposed bubble
examined using 5X magniﬁcation of an optical microscope. The near perfect circular
cross section is evident and the diameter of the circular hole is 260 µm. Bottom: Ex-
amination of the bubble under 50X magniﬁcation. Pits and blemishes that become
more obvious under high magniﬁcation are circled in red.
sub-nanometer surface quality.
3.2 Fabrication of mirror substrates using pressure
diﬀerence
For our second method, we use reﬂowed borosilicate glass shaped by air pressure.
We utilize a modiﬁcation of a method used to micro-fabricate spherical vapor cells
[42]. The original technique used the expansion of trapped gas due to heating to
blow glass into a spherical shell. In our case, we use a trapped partial vacuum to
deform the glass into the desired concave surface. This approach allows us to have
precise control over he dimension and the location of the mirrors. Afte th m lting
process, the cooling of the substrates to room temperature is carefully controlled to









Figure 3.6: Fabrication process using pressure to shape glass into spherical shape.
Top: Undeformed glass sitting loose on the cylindrical holes at room temperatuer.
Bottom: At softening point, the glass bonds to the ceramic and gets spherically
shaped by pressure.
To acheive this, we use thin glass slides bonded to a ceramic substrate with
low pressure cylindrical air pockets. As shown in Fig.3.6, at room temperature,
the glass slide sits loosely on cylindrical holes in the ceramic substrate. The entire
substrate is placed inside a vacuum furnace and evacuated to a low pressure. As the
substrate is heated to the softening point of the glass, the glass bonds to the ceramic
forming a vacuum tight seal. The viscoscity of glass is low at this point, allowing it
to deform if a force is applied. When air at higher pressure is introduced into the
furnace, the pressure diﬀerence shapes the glass into spherical dimples. The dimples
reach equilibrium shape once the pressure has equalized on both sides of the glass
membrane, creating a spherical dimple over every cylindrical hole. The ﬁnal shape
of the glass can be controlled by controlling the air pressures and the dimensions of
the holes.
We use 100 µm thick borosilicate D263 glass slides because of their smooth
surface and high optical clarity. Macor is the choice for the ceramic as it is stable
at high temperatures and the glass bonds to it easily. It can be machined easily
allowing arrays of clean blind cylindrical holes to be drilled with precise depth and
vertical walls. The thermal expansion coeﬃcient of Macor is also similar to that of
the borosilicate glass, preventing cracking due to diﬀerential expansion during the
fabrication process.
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During the process, the oven is sealed and evacuated to a pressure typically
around 500 mBar. This pressure can be varied to control the curvature of the
mirrors with lower pressures giving tighter curvatures. The temperature is ramped
at a rate of 5 oC/min to a ﬁnal temperature of 800 oC. At this temperature, the
borosilicate glass softens and bonds to the ceramic. Air is then introduced into the
furnace at a ﬁxed pressure, typically 700 mBar. The pressure is maintained by a
valve which stabilizes the internal pressure with an accuracy of 15 mBar. As the
pressure slowly rises, the valve opens allowing the pump to remove some of the air,
stabilizing it to 700 mBar. As the vacuum is not perfect, there is always a small
but steady amount of air leaking in and the valve opens maintaining the pressure.
Even if there is a small temperature gradient across the entire 1 meter long furnace,
it is negligible across the 3 cm substrate across which the mirrors are located over a
even smaller area.



















Figure 3.7: Temperature ramp for the fabrication process. The cooling is slow and
broken into steps such that no stresses are introduced into the glass matrix by this
process.
An important part of the fabrication process is returning the furnace to room
temperature. Borosilicate glass needs to be cooled down slowly and uniformly, oth-
erwise stresses form within its matrix leading to weakening and shattering at lower
temperatures. For this reason, as shown in Fig. 3.7 the temperature is reduced at
5 oC/min from 800 oC to 557 oC which is the annealing point for borosilicate glass.
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At the annealing point, stresses in the glass matrix can slowly relax. For samples of
our size, 30 mins at 557 oC is suﬃcient to reduce the stresses and eliminate the pos-
sibility of shattering as the glass returns to room temperature. The glass is further
cooled at 2 oC/min to 529 oC which is the strain point of borosilicate D 263 glass.
Beyond the strain point, the temperature can be safely dropped to room tempera-
ture at the maximum rate allowed by the furnace. Throughout the cooling process,
the pressure in the furnace is maintained at 700 mBar.
The mirrors were fabricated having a range of radius of curvature (0.5mm 
5mm) on substrates where the hole diameter varied from 1 mm to 3 mm. We create
an array of mirrors as shown in Fig. 3.8 where up to 16 usable mirrors have been
created with a clear aperture of 2 mm. However, this process can be extended further
by using bigger holes in the ceramic substrate to create mirrors with larger radii of
curvature. We discuss in the next section about modeling the fabrication process
such that we can predict the ﬁnal shape of the mirrors, based on the fabrication
parameters we know.
Figure 3.8: An array of micro mirrors fabricated on a Macor surface by the pres-
sure diﬀerence process. The mirrors have been coated with evaporated silver for
examination.
Modeling of the Fabrication Process
As our fabrication process is essentially the reverse of the fabrication of glass micro-









Figure 3.9: The fabrication process. (a) Glass slide of thickness δ0 is placed on
cylindrical hole of radius r0 and depth d. (b) After deformation, the dimple has
a depth y and a radius of curvature R. Typical dimensions are δ0 = 150 µm and
r0 ∼ d ∼ 2 mm.
process we assume that the glass surface maintains a near-spherical shape. Thus,





where r0 is the radius of the cylindrical hole and y is the depth of the dimple as
illustrated in Fig. 3.9. To determine y, we assume that the entire process takes
place at a constant temperature. Thus, the pressure, P , and the volume, V , of the
trapped gas can be related to the initial values by the ideal gas law
PV = P0V0. (3.3)


























giving a pressure diﬀerence, 4P = Pext − P, of












where Pext is the external pressure introduced after the holes were sealed. Setting
4P = 0 then provides an equation for the equilibrium depth y as a function of ro,
P0 and Pext. The solution can then be used in Eq. 3.2 to determine the radius of
curvature.
The time variation of the depth y can be modeled using the methods given in
[42]. The softened glass at 800 oC behaves like an incompressible Newtonian ﬂuid










where η is the viscosity of borosilicate glass at 800 oC and δ0 is the thickness of the
glass. Taking η = 106.6 Pa.s, δ0 = 150 µm, r0 ∼ d ∼ y ∼ 1 mm and 4P ∼ 150
mBar gives us an estimated time scale of several minutes.



































Figure 3.10: Depth of the dimple y measured for various depths d of the cylindrical
hole. The predicted depth is given by the dotted lines. The error bar on the
predicted depth reﬂect the uncertainty in pressure. The fabrication time is varied
ranging from 30 minutes to 4 hours.
For a ﬁxed value of r0 = 1 mm and 4P ∼ 150 mBar, we fabricate glass dimples
for various hole depths and deformation times and we plot the depth y in Fig.
3.10. Error bars on the theoretical plot reﬂect the uncertainty in pressure due to
limitations of the oven. Although the general trend of y as a function of d is correct,
there are two notable deviations from the model predictions: the measured depth
does not converge to the predicted equilibrium value, and the time scale to reach
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equilibrium diﬀers by more than an order of magnitude.
In the actual process, the sealing temperature is not known accurately. If it
occurs below 800 oC, the enclosed gas in the cylinder is heated up as the oven reaches
the ﬁnal temperature and the pressure enclosed will be higher than we assumed. For
example, if the holes are sealed at 700 oC instead of 800 oC, the pressure inside the
hole will be larger than estimated by approximately 10%. This could account for
the reduced equilibrium value of y. It is not clear as to why there is such a large
discrepancy between the predicted rate of formation and the actual rate. However,
we do note that the viscosity has a very strong dependence on temperature. In any
case, the resulting deformation is reproducible, and the general trend allows us to
estimate the parameters needed to achieve a particular mirror geometry. In a single
sample where an array of mirrors are produced, the depths of the mirrors agree with
each other within the accuracy of measurement that is 10 µm. However, diﬀerent
samples produced under the same condition ( 5 samples produced and tested) have




The substrates fabricated by both our methods were examined to determine their
usefulness as cavity mirrors for cavity QED. In the ﬁrst section, we examine the
surface by standard surface characterization tools such as Scanning Electron Mi-
croscopy and Optical Proﬁlometry for defects and measure the surface roughness.
Due to the small size of the substrates, we are unable to measure the radius of cur-
vature directly using any standard method. Thus in the next section, we develop a
method using the properties of Gaussian optics to accurately measure the radius of
the mirrors. Once the cavities were coated with high reﬂectivity coatings, we con-
struct cavities with mirrors to measure the ﬁnesse. We describe in detail the optical
setup and the procedure we use to measure the ﬁnesse of the cavities accurately.
4.1 Surface Quality
To be used as mirrors for a high ﬁnesse cavity, the mirror surface should possess
sub-nanometer roughness as any surface roughness causes scattering losses [35] and
lowers the ﬁnesse. Before constructing a cavity using our mirrors, we characterize
their surface quality before they are coated.
We use both a Scanning Electron Microscope (SEM) and an Optical proﬁler to
examine the surface quality. Both of these non-contact measurement instruments
provide high resolution when it comes to examining in the nanometer scale. However,
a SEM is a qualitative tool where one can comment on the surface quality but
not measure its roughness. An Optical Proﬁler [43] provides quantitative data of
the surface from which various information like the radius of curvature or surface
information like root mean square (RMS) roughness can be extracted. Since it
has sub-nanometer resolution, it is the most suitable instrument in our case for
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measuring the surface roughness.
Although an Atomic Force Microscope (AFM) [34] is the standard tool used to
measure surface quality with sub-nanometer resolution, it cannot be used in our
case. An AFM is more suited for ﬂat surfaces and cannot measure depths beyond
10 microns. In our case, the mirrors are sometimes several hundred microns deep
making the AFM useless for surface characterization. However, a single array of
mirrors were constructed with zero pressure diﬀerence to obtain a ﬂat surface. Upon
using the AFM to characterize the surface roughness, a RMS roughness of 0.2 nm
was obtained.
Scanning Electron Microscopy (SEM)
We use an SEM to spot surface defects on our mirror substrates as it oﬀers higher
magniﬁcation and spatial resolution than an optical microscope. An SEM works by
using a thin scanning beam of electrons to excite electrons in the substrate [44] which
is usually coated with a conductive substance. These electrons are collected by a
detector, and spatial information is obtained. An SEM can obtain magniﬁcations as
high as 100,000X with resolutions as high as 1.5 nm with high depth of ﬁeld making
it suitable for us to detect ﬁne defects on the surface.
Although the SEM provides high resolution inspection of the surface quality, it
is good at providing spatial measurements but none about the surface roughness.
Another disadvantage of the SEM is that the sample has to be coated with a con-
ductive substance before it can be examined. Once coated, our mirror substrates
cannot be used in the future as cavities.
Results
We examine the mirror substrates fabricated by both our processes using the SEM.
As seen in Fig. 4.1, defects on the surface can easily be noticed in both the substrates
on the top and bottom, where we zoomed in to highlight the particle contamination.
SEM images of the substrates fabricated by the second process showed smooth
defect-free surfaces but no further information about the surface roughness could be
obtained.
We notice that the mirrors fabricated by the grinding process are contaminated
while the substrates fabricated by reﬂow are smooth. To examine and determine
surface roughness parameters, we use optical proﬁlometry.
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Figure 4.1: SEM examination of ground down air bubbles in glass. The top and
bottom two images show the same bubble with diﬀerent magniﬁcation.
Optical Proﬁlometry
An optical proﬁler as shown in Fig.4.2 is used to obtain a contactless and instanta-
neous three-dimensional surface proﬁle of our mirror substrates. The general shape
of the substrates as well as the surface roughness information can be extracted from
this information. The proﬁler does not need the surface under examination to have
reﬂective coating and it can measure depths up to a millimeter unlike the AFM.
The optical proﬁler obtains the surface data in the following manner. Inside the
special interferometric objective, white light reﬂected from the sample is combined
with light from a ﬂat reference objective to form an interference pattern correspond-
ing to height diﬀerences in the sample [43]. The objective is now scanned vertically
to obtain this information at every vertical depth. This information is combined to
provide a three dimensional surface proﬁle for further analysis. As long as the slope
of the substrate is not too steep, surface proﬁle information is obtained. If the angle
of the substrate with respect to the horizontal exceeds more than 10 degrees, light
cannot be reﬂected back to the interferometric objective to get the surface informa-
tion. Our substrates, due to their tight curvature have surfaces with more than 45
degrees with respect to the horizontal. Because we examine curved surfaces using
the proﬁler, we can get surface information from a 100 micron x 100 micron area as
shown in Fig. 4.3.
The vertical scanning motion of the objective can introduce systematic errors in












Figure 4.2: Optical Proﬁler. Light reﬂected from the sample is combined with
light reﬂected from a ﬂat reference mirror to give rise to interference pattern in
the specialized microscope objective. The interference pattern is captured using the
camera.
the reference mirror and a red ﬁlter is used to increase the temporal coherence of the
interferometric light. We use this method to measure the surface roughness of the
substrates. We obtain the height information z as a function of lateral dimensions
x and y, and we use further analysis to obtain the surface roughness information.
Results
Surface roughness cannot be calculated directly from the height information that is
obtained from the optical proﬁler data as shown in Fig. 4.3. Due to the curvature
of the substrate, surface roughness which is in the order of sub-nanometers is not
obvious from the data. Hence to obtain surface roughness, we have to remove the
curvature from the data thus essentially ﬂattening the sample.
To ﬂatten the sample, we initially ﬁt a sphere to the sample and look at the
residuals. As seen in Fig. 4.4(a), it is evident that our sample shows deviations
from an ideal sphere and it is not enough to use a sphere to ﬂatten the surface
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Figure 4.3: Height information of the mirror substrate as a function of spatial di-
mensions obtained from the optical proﬁler. The curvature of the substrate does
not allow the direct measurement of surface roughness.
proﬁle. However it can be concluded that our sample shape is very close to that
of an ideal sphere, showing only a deviation of few nanometers over the spatial
dimension of 70 µm.
Fitting a 6th order polynomial surface to our sample does a better job in remov-
ing the undulations seen on the spherical ﬁt. With the surface essentially ﬂat, we
extract the RMS roughness from the surface.
To do this, we extract a one dimensional surface proﬁle from the ﬂattened surface
data as shown in Fig.4.5. It can be clearly seen from the top graph that the surface
shows spatial periodic variations on the order of 50 µm. We believe this to be an
artifact of the proﬁler due to its presence in all test samples and the origin can be
traced to imperfect acoustic isolation of the instrument from the surrounding. As
this spatial period is not likely to impact on any practical application, we use the
higher order polynomial ﬁtted proﬁle from the lower graph to calculate the root







where N is the number of points scanned and z(x) is the height at point x.
The typical roughness determined from the residuals of the substrates fabricated
by the second method are 0.3 nm and comparable to the best cavity mirror substrates
available today.
35
          (a)
          (b)
          (c)
Figure 4.4: Flattened surface proﬁle after curvature subtraction. (a) Surface proﬁle
after subtraction of a sphere. (b) Surface proﬁle after subtraction of a polynomial
of order 6 surface.
If we assume that the mirror reﬂectivity R is only limited by the surface rough-
ness, we can use the scattering factor introduced earlier to obtain a reﬂectivity
R ≈ 0.999977 [35]. Assuming two equivalent mirrors with reﬂectivities R1 = R2 =
0.999977, we obtain a ﬁnesse F ≈ 135, 000. In conclusion, our substrates are not
limited by the surface roughness and with suﬃciently reﬂective coatings, they are
suitable in the construction of high ﬁnesse cavities.
The radius of curvature of the mirror can also be obtained from the sphere used
to ﬁt the surface proﬁle. Since we do not proﬁle every mirror used for constructing
the cavities, later in the chapter we describe two alternative ways to measure the
radius of curvature of the substrate.
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Figure 4.5: One dimensional surface proﬁle obtained from the proﬁler data. Top:
Surface proﬁle obtained on ﬁtting to a sphere. Bottom: Surface proﬁle obtained
when ﬁtting to a higher order polynomial. The RMS roughness of 0.3 nm was
calculated from the bottom proﬁle.
4.2 Sphericity of the substrate
As the optical proﬁler data is restricted to a small area at the bottom of our reﬂowed
substrates, we need to evaluate how spherical our substrates are over the entire
aperture. Although the sphericity was assumed with the surface tension of glass in
mind, this needed to be measured.
We use our grinding/polishing machine to remove exactly half of our substrate
to expose the side proﬁle as shown in Fig.4.6. Once we obtain an image of the side
proﬁle with suﬃcient magniﬁcation to show the entire aperture, we use a computer
software to detect the edges of our substrate. We ﬁt a circle to the edge and conclude
that the shape of the substrate follows that of the circle along the entire aperture
within the resolution of the image which in our case is 4 µm.
4.3 Measurement of Dimensions
The dimensions of the mirror substrate such as the clear aperture radius a, the
depth d and the radius of curvature R must be measured to determine the cavity
mode waist. Although the measurement of the clear aperture and depth is relatively
simple, measuring the radius of curvature accurately is challenging.
In this section we have discussed two independent methods to measure the curva-






















Figure 4.6: Examination of the sphericity of the substrate Each pixel is approxi-
mately 3.5 µm in size . Top: Raw image of the side proﬁle of the substrate with the
red line indicating a ﬁt to circle. Detection of edge was obtained using computer
software. Bottom: Residuals obtained from subtraction of the ﬁtted circle from the
actual edge of the substrate. Average deviation is less than 3.5 µm which is less
than the imaging resolution.
microscope but cannot be applied to mirrors which do not have any surface features.
The second method uses the properties of Gaussian optics to determine the radius.
Measurement of Radius of Curvature
Method 1
In this method we measure the radius of the clear aperture and the depth of the mir-
ror substrate as shown in Fig.4.7. Assuming a nearly spherical surface as conﬁrmed





As long as the glass substrates form clear boundaries, it is relatively simple to
measure the clear aperture a with a calibrated optical microscope. To ﬁnd the depth
d , we use a microscope with a calibrated z-axis. To measure the depth, we ﬁrstly
focus at the bottom of the substrate followed by the edge of the substrate, and




Figure 4.7: Measurement of the dimensions of the mirror substrate. R is the radius
of curvature, d is the depth and a is the radius of clear aperture.
magniﬁcation with a low depth of focus leads to more accurate measurement of the
depth. Once the two values have been measured, the radius of curvature can be
determined.
Though this measurement is easy to be carried out, it suﬀered from two problems.
Firstly, at times the glass does not form a clear boundary at the edge due to the
reﬂow process and secondly it is diﬃcult to determine the clear aperture radius. For
the substrates fabricated on the ceramic holes, the radius of the hole can be used as
the clear aperture radius but this can lead to an inaccurate value. Secondly, if the
surface of the substrate is defect free, which is the case in most of our substrates
from the second fabrication method, it is not possible to ﬁnd a spot at the bottom
of the surface to focus on and hence the depth cannot be measured. So we needed
an alternative method to measure the radius of curvature.
Method 2
In this method we use the properties of Gaussian Optics [31] to accurately determine
the radius of curvature. The mirrors can be coated with either evaporated gold or
silver or high reﬂectivity coatings for this method. The merit of this method is that
we do not need to know beforehand the clear aperture radius or the depth of the
substrate.








where z is the distance along the axis of propagation with z = 0 corresponding to
the beam waist and zR is the Rayleigh length of the beam.









Figure 4.8: Optical setup for measuring the radius of curvature of the mirrors. The
substrate is mounted on a mirror mount for retroﬂecting and a translation stage
for movement along the laser propagation direction. A 780 nm single mode ﬁber is






where λ is the wavelength which in our case is 780 nm. The radius of curvature
R(z) of the laser beam will match the radius of the curvature R of the mirror when
R(z) = R. When this occurs, the laser beam is retroﬂected perfectly and can be
recoupled into the same optical ﬁber eﬃciently as the incoming beam. The distance
d between the two retroﬂection points can be directly measured and used to calculate
R accurately.

















Figure 4.9: Radius of wavefront as a function of propagation direction. The beam
waist is 5 µm and the dotted line indicates a radius of 0.6 mm.
For illustration, the radius of the wavefront for the 5 µm beam is plotted in Fig.
4.9 as a function of the propagation distance. If we consider our mirror radius to be
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0.6 mm, it can be seen from the dotted line that the radius of wavefront is equal to
that at exactly two points along the propagation direction.
Thus if two retroﬂection points z1and z2 are solutions of this equation,







this can be further simpliﬁed to
z2 −Rz + z2R = 0. (4.5)
From the above equation, distance d = z2 − z1 is given by
d =
√
R2 − 4z2R. (4.6)
Hence rearranging the terms, we get
R =
√
d2 + 4z2R. (4.7)
Thus to calculate the radius of curvature accurately we need to measure the distance





















For large R, the second term involving the Rayleigh length can be ignored and
the radius of curvature is approximately equal to the distance between the two
retroﬂection points. The Rayleigh length zR is easy to calculate once we know the
waist wf of the beam used for this experiment. For each measurement we measure
the beam waist accurately using a home built beam proﬁler.
One important constraint in this measurement is that we have to make sure that






which simply means that for tighter radius of curvatures R, we need to focus our
measurement beam waist w tighter.
To implement this, the details of the optical setup as shown in Fig.4.8 is as
follows. Laser light at any frequency can be used for this measurement as long as
we know the frequency accurately within a nanometer and the coating reﬂects the
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light. In this case, light at 780 nm is used, coupled into a single mode ﬁber using
Coupler 1. Just as the light enters the ﬁber a 50:50 beam splitter is used to separate
any returning light from the ﬁber. The light emerges out of Coupler 2 to form a
collimated beam with waist w0 and is focused by a lens with focal length f to form
a beam with a ﬁnal waist wf .





To determine the ROC of the mirror, we essentially need to ﬁnd out the two z posi-
tions along the propagation direction where the radius of curvature of the wavefront
matches the ROC of the mirror. From the diﬀerence between these two points, we
can calculate ROC accurately using Gaussian optics.
The beam is retroﬂected by the mirror back to overlap with the incoming beam.
The mirror substrate is mounted on a mirror mount to compensate for any tilt
and on a translation stage to move along the propagation direction z. At the two
retroﬂection points as indicated by the ﬁgure, the beam is retroﬂected maximally
and is coupled back into the ﬁber through Coupler 2. This light can be detected by
the detector after being separated by the 50:50 beam splitter. To ﬁnd the optimum
retroﬂection points, the intensity at the detector is maximized and the distance
between the two points is noted.
4.4 Cavity Spectroscopy
After measuring the surface quality of our substrates, we construct cavities to mea-
sure ﬁnesse. Using the substrates, we construct half symmetric cavities with them
and measure the ﬁnesse of each. Since the ﬁnesse of the cavity is measured by the
ratio of the free spectral range and the line width [31], we describe in details our
optical setup as well as our procedures to construct the cavity and measure the line
width.
Once we have measured the dimensions of our mirror substrate, we construct a
passive cavity to evaluate the quality of our fabricated surfaces. The cavity consists
of one plane mirror and another curved mirror which is our substrate where both
have been coated in a similar manner. The mirror substrates were commercially
coated [38] to obtain a high reﬂectivity at 780 nm and the transmissivity is measured
before the mirrors are put together.
The general optical setup used to measure the cavity line width as shown in
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Fig.4.10 is as follows. All the light for this setup comes from a free running laser
diode cooled and temperature stabilized to a wavelength of approximately 780 nm.
Although the free running laser diode has a measured line width close to 3 MHz,
we chose it for the ease with which we can tune the frequency over a wide range
by changing the operating current. This is especially useful when we have passive
cavities with ﬁxed cavity length.
We measure the transmission linewidth of the cavity with using sidebands at a
known frequency as a frequency scale. An Electro Optic Modulator (EOM) is used










Figure 4.10: Cavity spectroscopy setup. Detector 1 and Detector 2 are used to
measure the cavity reﬂection and transmission respectively. A ﬁber coupled EOM
at 780 nm is used to put side bands on the laser frequency. The lens is used to mode
match the laser beam with the cavity mode. The light for this setup comes from a
temperature stabilized free running laser diode. In the actual setup, the cavity is
enclosed inside a vacuum chamber to prevent frequency drifts due to temperature
ﬂuctuations caused by air currents. Mirrors used for cavity coupling are not shown
in the ﬁgure.
Once we have measured the length and the radius of curvature of the mirror, we
calculate the beam waist for mode matching. Using the correct lens combination,
we obtain this waist and the optimal location of the cavity with respect to this beam
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is found by maximizing the reﬂection at detector 1. Initially the detector is replaced
with a camera to observe the cavity transmission to ensure the transmitted mode
is the fundamental TEM00 mode. As the free running laser is tuned by changing
the current, various higher order modes are populated till we reach the fundamental
mode. As the mode matching is initially not perfect, there is a signiﬁcant percentage
of power coupled into the higher order modes. Once we are sure that the transmitted
mode is the required one, we replace the camera with the detector and use the
coupling mirrors to improve the mode matching. Once this is achieved, we record
the transmission or reﬂection signal on an oscilloscope along with the sidebands as
shown in Fig.4.11 and we ﬁt the three Lorenztian peaks and extract the line width.





where γ is the line width given by the FWHM of the peak, and x is the frequency.






(x− x0 + kf)2 + (γ/2)2 , (4.12)
where k = −1, 1 corresponds to the sidebands and k = 0 is the main transmission
peak. Ak corresponds to the height of each peak and the oﬀset and f is the sideband
frequency.
We construct cavities using mirrors fabricated using both the processes. We
will now go on to describe in details each cavity construction and measurements
conducted.
Cavity 1 : Mirror fabricated using the grinding process
A half symmetric cavity was constructed consisting of a ﬂat mirror and a curved
mirror with a curvature of 175 µm. Although both the ﬂat and curved mirror were
initially sent for coatings with reﬂectivities between 99.25-99.50% with transmission
coeﬃcients between 0.25%-0.5% at 780 nm, due to the coating error, the transmission
was measured to be as low as 0.01%. The reﬂection signal was used to measure the
linewidth.
Metal holders for the cavity were machined in-house such that the cavity length
is approximately 150 µm. The ﬂat mirror is mounted on a piezo such that the length
of the cavity can be varied over one free spectral range. When put together, the
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cavity length was measured to be 135 ± 10µm using the vertical translation of a
calibrated optical microscope. The ideal beam waist for mode matching the cavity
waist is calculated to be 4 µm and this is obtained by focusing a collimated beam
of waist 1 mm using a aspheric lens f = 11 mm.
We measured the line width of the cavity to be 1.44 GHz using sidebands at 4.6
GHz. Using the cavity length L = 135µm to compute the free spectral range, we
obtain a ﬁnesse of 760 ± 70. We attribute the low ﬁnesse to the surface quality of
the substrate fabricated by the grinding process as well as the uncertainty in the
coating quality.
Cavity 2: Mirrors fabricated using pressure diﬀerence
Four half symmetric cavities were constructed consisting of a ﬂat mirror and a
curved mirror with curvatures 0.7, 2, 5 and 100 mm. The 100 mm curvature and
ﬂat mirrors were super-polished substrates available from the same company that
provided the coating service and were coated in the same coating run as the custom
substrates. The 100 mm cavity served as a means to verify the quality of the high
reﬂectivity coatings. Since the coating process used is suited for ﬂat substrates, we
suspect that the reﬂectivity degrades with tight curvatures like our substrate. Thus
for comparison, we measure the transmission directly to compare with the measured
ﬁnesse.
The radius of curvature is determined by the method described earlier by maxi-
mizing the back reﬂection of a beam with a 2 µm into the ﬁber giving us a curvature
with an accuracy of 20 µm. For the 100 mm curvature mirrors we simply use the
value speciﬁed by the manufacturer. The length of the cavity is measured using a
high power optical microscope. The calibrated focus adjustment allows us to mea-
sure the axial distance between the bottom of the mirror and a reference point on
the mirror holder. Together with the holder dimensions we can then determine the
length to an accuracy of 25 µm. The geometrical properties of the cavity including
the matching beam waist are summarized in Table. 4.1.





Table 4.1: Summary of the geometrical properties of the cavities.
Line width is measured by modulating the laser with a broadband electro-optic
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modulator at a known frequency and using the sidebands as a frequency reference.
We measure the transmission signal along with the side bands as shown in Fig.
4.11 and this provides us a measure of the cavity line width with less than 1%
error. For each cavity we determine the cavity ﬁnesse F , and the single atom
cooperativity C0, which is used to quantify the importance of cavity QED eﬀects.
In Table 4.2, we summarize the measurements. The cavity ﬁnesse drops sharply for
the tighter curvature mirrors which is also reﬂected by increased transmission due
to the degraded coating. The expected ﬁnesse was calculated assuming that the
transmission dominated the cavity loss. The excellent agreement with the measured
ﬁnesse indicated that the ﬁnesse is completely dominated by the quality of coatings
and not the surface quality. The drop in the coating performance for the tight
curvatures is most likely due to shadowing eﬀect arising from the large angular
variation of the substrate surface.
ROC (mm) T (ppm) Finesse (expected) Finesse (obtained) C0
100 100 31400±2000 32200±550 1
5 200 22000±2000 19900±340 3.8
2 350 13870±1200 14200±1460 9.2
0.7 1500 3850±70 3850±70 5.4
Table 4.2: Summary of experimental cavities. Expected ﬁnesse is calculate based
on the measured transmission.
However we note that, even with the degraded coating for tighter curvature, the
C0 values indicate that the cavities are still suitable for cavity QED applications.
Moreover, since the cavity losses are dominated by transmission losses we can ex-
pect photons generated within the cavity to appear at the output with very high
probability.
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Figure 4.11: Measurement of the line width of the TEM00 mode in transmission.
The black line corresponds to the raw data obtained from the oscilloscope while
the red line corresponds to a triple Lorenztian ﬁt with equal line widths. (Top)
Cavity with ROC 2mm: The sidebands are located at a frequency of ±200 MHz
and function as frequency markers. The line width (FWHM) in this case is 33 MHz.
(Bottom) Cavity with ROC 0.7mm: The sidebands are located at ±500 MHz. The
line width is 156 MHz.
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Part II : Trapping and detection of
single atoms using a spherical mirror
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Chapter 5
Background of Laser Cooling and
Trapping
5.1 Laser Cooling
A single atom when it absorbs or emits a photon undergoes a change in its linear
momentum. When the atom absorbs a single photon raising its internal energy,
it receives a momentum kick in the direction of the incoming photon. The atom
eventually lowers its energy through spontaneous emission and emits a photon in
a random direction. Over many such absorption and emission events, the total
momentum transfer from emission averages to zero due to the isotropic nature of
spontaneous emission. Time averaged, the atom undergoes recoil in the direction of
the photon stream. The force resulting from this momentum transfer between the
light beam and the atom is used to slow down the atoms.
The force on the atom is simply the momentum transfer by a single photon













where Γ=1/τ is the lifetime of the transition which corresponds to the inverse of the
decay rate of the excited state, s is the saturation parameter given by I/Isat and δ
is the laser detuning.
Next we consider the case where a single atom is between two counter propagating
lasers beams detuned from resonance. In the event that the atom is at rest, the
scattering from both beams will be equal subjecting the atom to equal forces from
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VFigure 5.1: Single atom with velocity v between counter propagating laser beams.
both sides. However, if the atom starts moving in one direction with velocity v as
shown in Fig. 5.1, the laser light will be Doppler shifted relative to the atom. The
Doppler shift for atoms with velocity v is given by
4D = −k · v. (5.2)
Now if the atom moves towards the right as per Fig. 5.1, it will see a higher frequency
from the beam coming from the right and a lower frequency for the left beam. If the
beams are red detuned, the right beam will be shifted closer to the atomic resonance
and scatters more photons than the left beam. Due to the imbalance in the number
of scattering events, an unequal force from the two beams will result in a total
force towards the left slowing the atom down. Thus, using counter propagating red
detuned beams, atoms with velocity can be slowed down. Summing up the force
















In Fig. 5.2, we plot the force for the moving atom as a function of velocity. From
the ﬁgure we can infer that in the limit of small velocities, the force on the single
atom is proportional to the velocity of the single atom. So if we simplify Eq. 5.3 in
this limit, the force on the single atom is given by
Fatom ' 8~k
2sδv




which is a velocity dependent force. Slower atoms possess less kinetic energy thus
can be thought of to be cooler than faster moving atoms.
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If the slowing scheme is extended in three dimensions with three counter prop-
agating beam pairs, atoms can be cooled down in three dimensions. This only
provides a velocity dependent force and not a position dependent force. To achieve
a position dependent force, we overlap a linear magnetic gradient with the three
beam pairs as explained in detail in the next section.
















Figure 5.2: Force experienced by a Rubidium 87 atom from counter propagating
laser beams as a function of velocity.
5.2 Magneto Optical Trap (MOT)
A MOT consists of three counter propagating red detuned laser beams combined
with a varying magnetic ﬁeld [46]. The laser beams are circularly polarized with
each counter propagating beams having opposite polarizations. The magnetic ﬁeld
in the middle where the atoms are mainly trapped is zero, and it varies linearly
across the trapping region. The MOT provides trapping and cooling of atoms from
room temperature to a few µK while being relatively insensitive to imprecise beam
balance or polarization.
To understand the workings of the MOT, we consider a simpliﬁed one dimen-
sional case as in Fig. 5.3. Pair of magnetic coils with currents in opposite directions
produce a quadrupole ﬁeld which cancels at the center and varies linearly along the












Figure 5.3: Operating principle of a Magneto Optical Trap.
In our simpliﬁed picture, we consider a two level atom with a ground state J = 0
and excited state J = 1. Usually in the absence of a magnetic ﬁeld, the three me
states of the excited level are degenerate. When the linearly varying ﬁeld of the
MOT is present, the J state break degeneracy to be split as shown in Fig. 5.3 with
positive z corresponding to increasing B-ﬁeld. The excited state me = +1 is shifted
upwards while the opposite happens for me = −1, leaving the me = 0 unaﬀected. If
we consider an atom at position z in Fig.5.3, the atom is much closer to resonance
to the me = −1 than me = +1. It readily absorbs σ− light compared to σ+ light
resulting in a force directed towards the center. The opposite happens to left of
the origin where the σ+ light drives the atom towards the center thus resulting in
a position-dependent force. This provides a much stronger conﬁnement than just
laser cooling discussed in the previous section.
In the presence of magnetic ﬁeld, the net force equation, Eq. 5.4, modiﬁes to
Fatom ' 8~ksδ(kv + αz)




where the Zeeman frequency shift is given by αz. The Zeeman frequency shift can
be obtained by
αz = µ′B(z)/~, µ′ = (geme − ggmg). (5.6)
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The net simpliﬁed force in Eq. 5.5 is both position-dependent and velocity-dependent
as expected from the MOT.
A Rubidium 87 MOT
To implement the MOT for a multilevel atom like 87Rb, we consider the relevant
hyperﬁne structure given in Fig.5.4 for the D2 line. As shown in the ﬁgure, the
cooling of the atoms in the MOT is achieved by having the laser beams red detuned
close to the |52S1/2, F=2〉→ to |52P3/2, F'=3〉 transition. The saturation intensity
Isat equals to 1.66 mW/cm
2 and Γ = 2pi · 6.066 MHz for the |52S1/2, F=2〉→ to
|52P3/2, F'=3〉 transition of the Rb87 D2 line relevant to our experiment [47]. The red
detuning of our cooling beam is chosen to be approximately 3.6Γ and the saturation
parameter s = 15, ensuring almost equal distribution in our ground and excited
state. Although located 266 MHz away, there is a constant oﬀ-resonant excitation
to the 52P3/2, F'=2 state by the cooling beam where the atoms eventually decay
to the 52S1/2, F=1 state. Since the 5
2S1/2, F=1 state is located approximately 6.8
GHz away from the 52S1/2, F=2 state, the atoms are invisible to the cooling beam
and fall out from the cooling cycle. To prevent this, an additional repump beam as
shown in the ﬁgure is added tuned to the |52S1/2, F=1〉→ to |52P3/2, F'=2〉 transition,
pumping the atoms back into the cooling cycle. Since the repump beam is purely
there to prevent atoms turning dark to cooling beams, it is polarization insensitive
and the power is set an order of magnitude less. The repump beams are usually
superimposed with the MOT beams for good spatial overlap.
The magnetic ﬁeld for the MOT is provided by circular coils in Anti-Helmholtz
conﬁguration to create a quadrupole ﬁeld. Although the minimummagnetic gradient
necessary for the MOT is usually 10 G/cm, a higher gradient can increase the density
of the atoms. The scattered light by atoms in the MOT is reabsorbed giving rise to













Figure 5.4: Hyperﬁne Structure of Rubidium-87
5.3 Optical Dipole Trap (ODT)
Once we pre-cool atoms in the MOT, we load them into an optical trapping potential
formed by the interaction of the atomic sub levels with far detuned light. The atoms
from the MOT are laser cooled to be loaded into a conservative trap potential formed
by the light ﬁeld. As a result of the far detuning of the trapping light, optical
excitation and photon scattering in the ODT is extremely low enabling long holding
times. In our ODT, we use red detuned light at 850 nm in the form of a focused
Gaussian beam. Due to the sign of the detuning, the atoms are attracted to the
maxima of the light ﬁeld which in this case is the focus of the Gaussian beam.
Although a semi-classical treatment can be used to describe the workings of an
ODT, we will treat the atom as a simple oscillator in a classical oscillating electric
ﬁeld in this section as introduced by Grimm et.al [30]. This is suﬃcient for our
purpose to explain the origin of an optical potential and scattering rate inside the
ODT. Later we will brieﬂy mention the semi-classical model where the atom is a
quantum oscillator interacting with a classical ﬁeld to extend the treatment to a two
level atom followed by multi-level atoms like 87Rb.
54
Classical oscillator approach
The oscillating electric ﬁeld of the ODT, E, induces an atomic dipole moment, p
that oscillates at the driving frequency. The optical potential U created by the
interaction between the electric ﬁeld and the dipole moment is given by
U = −1
2
〈p · E〉 = − 1
20c
Re(α)I. (5.7)
where α is the complex polarizability such that the induced dipole moment can be
expressed as p = αE, I is the light ﬁeld intensity and the angular brackets denote
time averaging over oscillating terms. Since the dipole moment is induced by the
light ﬁeld and is not permanent, an extra factor of one half is used in the equation.
The atomic potential energy is proportional to the real part of the polarizability










Here the scattering rate is simply the power absorbed by the atom from the
driving ﬁeld divided by the energy of a single photon given by ~ω.
The motion of an electron (mass me, electronic charge e) driven by an external
ﬁeld is given by
x¨+ Γωx˙+ ω
2
0 = −eE(t)/me, (5.9)
according to the Lorentz model where the classical damping rate Γω due to radiative










ω20 − ω2 − i(ω3/ω20)Γ
, (5.11)
where Γ is the on resonance damping rate. In the semi-classical picture with a two
level atom, the on resonance damping rate is calculated by using the dipole matrix





Substituting the formula for the polarizability into the expressions for dipole poten-
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Assuming that the laser is close to resonance ω0 such that the detuning ω0−ω  ω0,
we can use the rotating wave approximation to remove the Γ/ω + ω0 term in both





= 0. Simplifying and using4 = ω0−ω for the detuning,




















When the trapping light is red detuned, i.e., ω0 > ω, the optical potential U is
negative and the atom gets attracted to the maximum of the light ﬁeld which in
our case is the focus of the Gaussian beam. The depth of the potential is
proportional to I/∆ while the scattering rate is proportional to I/∆2. When we
use far detuned ODT light, we need high power to have a reasonable trap depth.
However, the scattering rate decreases rapidly with the increasing detuning,
reducing loss of the atoms from the ODT. By increasing the intensity of the ODT
by tight focusing, we can obtain reasonable trap depth while having negligible
scattering of the dipole light by the atom.
Quantum mechanical approach and multi-level atoms
In the quantum mechanical approach, the interaction of the ODT light with the
atom is treated as a second order perturbation eﬀect. In simple terms, the energy














Although the energy shift obtained here is identical to the oscillator model, the
attractive dipole force is generated by the light shift. From the equation, with red
detuned light, the ground state is shifted down in energy while the excited state is
shifted up.
With a multi-level atom like 87Rb, the simple two level quantum mechanical
treatment is not suﬃcient. The dipole matrix element from the two level system
〈e|µ|g〉 now becomes |〈ei|µ|gj〉|, taking into account all the ground states and excited
states. The dipole matrix elements can be written in the form of µij = cij||µ|| where
||µ|| is the reduced matrix element and cij speciﬁes the transition strengths of speciﬁc
sub levels.
ODT for 87Rb
Since we use red detuned light at 850 nm, the hyperﬁne splitting of 52S1/2 and 5
2P3/2
of 87Rb are much smaller than the detuning ∆ of the trapping laser [47]. In this
treatment we neglect further excited state than the ﬁrst one. The dipole potential












for linearly polarized trap light. 87Rb has a D line doublet with the D1 line
corresponding to 52S1/2 →52P1/2with a wavelength of approximately 795 nm and
the D2 line corresponding to 5
2S1/2 →52P3/2 with a wavelength of 780 nm. The
denominators in the equation, ∆1,F and ∆2,F correspond to the detunings of the
trap light to the D1 and D2 lines respectively.












The frequency shift of the ground state corresponding to a dipole potential of
U(r) can be simply computed by dividing the potential by ~. The excited hyperﬁne
states are shifted positively with frequency but not equally for the diﬀerent Zeeman
states. If we consider (52P3/2, F' = 3), for example, the shift of the Zeeman levels for
linearly polarized trapping light is shown in Fig. 5.5. The mf =±3 states remain
unperturbed while the mf =0 state is shifted maximally. According to [48], the
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Figure 5.5: Frequency shifts of the 52P3/2,F' = 3 excited state and the 5
2S1/2,F = 2
ground state due to linearly polarized ODT.
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= 3,∆mf ′=±3 = 0.















In our experiment, we use a focused Gaussian beam at 850 nm to provide three
dimensional conﬁnement to trap atoms. In the previous formula for the trap poten-
tial, if we input the spatial variation of intensity for the TEM00 Gaussian mode, the
spatial distribution of the trap potential [30] is given by









where w is waist of the beam, zR is the Rayleigh length and U is the trap
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potential at the focus of the beam. If we have atoms in our dipole trap which are
much colder than the maximum trap depth, the trap potential can be approximated
by a harmonic potential given by












Under this harmonic approximation, the trap frequencies in the radial and axial








. In Fig. 5.6, we plot the optical
potential of a ODT with w ≈ 2µm and beam power of 40 mW. We also plot the
approximate harmonic potential along with the optical potential to demonstrate
that the harmonic approximation is only valid for atoms much colder than the trap
depth.






























Figure 5.6: Optical potential as a function of position. Left: Trap depth as a function
of radial position. Right: Trap depth as a function of axial position. Both the plots
assume a beam waist of 2 µm. The dotted lines on each diagram correspond to the
approximate harmonic potentials.
5.4 Light Assisted Collisions
Light assisted collisions govern the atom number in tightly conﬁning optical dipole
traps like ours. In light assisted collisions, two atoms conﬁned close to each other
in the presence of near-resonant light are expelled from the trap. Since this is a two
body loss process, light assisted collisions are used to eliminate all but one atom
from the optical dipole trap allowing the controlled preparation of a single atom in









Figure 5.7: Light assisted collisions in an optical dipole trap.
When two 87Rb atoms in the ground state, S+S, absorb one near-resonant
photon, they are excited into the potential S+P3/2 as in Fig. 5.7. The excited
potential S+P3/2 is of dipolar nature where the potential varies with distance as
U(r) = −C/r3. The atom pair accelerates quickly down the attractive potential
slope gaining a large amount of kinetic energy, i.e., coming closer until they emit a
photon ending back in the S+S potential. If the kinetic energy gained during the
acceleration is greater than the trap depth of the ODT, both atoms are expelled
from the trap.
The second way the atoms can be lost is by ﬁne structure changing collisions.
87Rb has a second ﬁne level , P1/2 and the S+P1/2 potential curve intersects with
the S+P3/2 potential curve at Rcross as indicated in Fig. 5.7. The atom pair in
the original excited state can cross over to the S+P1/2 state at the intersection
point. When the atom pair ends up back in the S+S potential, it carries with it the
additional energy diﬀerence which can be as large as the energy diﬀerence between
the P states.
Preparation of single atoms using light assisted collisions
The number of trapped atoms in the ODT, N is governed by
dN
dt
= Rl − γN − βN(N − 1), (5.23)
where Rl is the loading rate, γ is the loss rate due to background collisions, and β
is the two body decay rate mainly due to light assisted collisions [26]. Under typical
vacuum conditions, the loss rate due to background collisions can be ignored and at
equilibrium we have
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Rl = βN(N − 1). (5.24)
If Rl  β, the equilibrium number will be approximately zero or one atom. A
low loading rate is expected when optical molasses are used to load the ODT, and
in such an experiment either one or no atoms are loaded leading to sub-poissonian
loading statistics.
In the absence of loading, Rl = 0, the atom number decays according to the
two body loss term. In the presence of near-resonant light, two body losses rapidly
eliminates atoms from the dipole trap until N = 0, or 1. At this point no further
two body loss can occur. To implement this, a large number of atoms are loaded
into the ODT from a MOT and near resonant light causes light assisted collisions
to eliminate all but one atom from the trap. In our experiment, we use this method




We implement a dipole force trap for rubidium atoms by tightly focusing 850 nm
light with a spherical mirror. The trap is loaded with atoms cooled in a magneto
optical trap located at the focus of the spherical mirror and after loading, we utilize
light assisted collisions induced by the MOT cooling beams to prepare a single
trapped atom. The trapped atoms are excited by an independent detection beam.
The light scattered by the atoms is reﬂected by the spherical mirror and collected
into an optical ﬁber for detection. In the following sections we discuss the details of
our setup required to implement the experiment.
6.1 Spherical mirror substrate
The two independent parameters that determine the geometry of a spherical mirror,
namely the clear aperture and the radius of curvature. The clear aperture is given by
the hole radius, r0, and the radius of curvature, R, can be controlled by the pressure
diﬀerence established during fabrication. For our experiments we aimed for a clear
aperture of 4 mm as this enables easy alignment of input beams with waists up to
around 1 mm without signiﬁcant clipping. Allowing for a 1 mm working distance
for the optic constrains the curvature to be about 3.3 mm. With this as a target,
we fabricated a mirror which gave a measured curvature of 3.2 mm or equivalently,
a focal length of 1.6 mm.
The spherical mirror is fabricated on a 10 mm by 10 mm square ceramic sub-
strate. Slots 1.5 mm wide are machined at two sides of the substrate as shown in
Fig. 6.5 to allow access to the vertical cooling beams. The mirror is fabricated out
of borosilicate glass and is coated with evaporated silver giving a reﬂectivity greater
than 95% at both 780 nm and 850 nm.
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6.2 Vacuum System
In order to trap atoms in the dipole trap for a reasonable time, the experiment is
performed in an ultra high vacuum system. Typical chamber pressures of 10−10
Torrs are required to achieve trapping lifetimes in the order of seconds as the single
atom loss is dominated by collisions with background gas molecules.
The entire vacuum chamber layout is shown in Fig. 6.1. On the left is the main
experimental chamber where we trap atoms in the MOT and the spherical mirror
which makes the ODT. The main chamber is connected to a Tee which contains a
feed through for the rubidium dispenser. The rubidium dispenser is located inside
the Tee facing the main chamber. Connected to the Tee on the right is a Four
way cross. The four way cross contains the ion pump (StarCell, 20 l/s), a valve
to connect to the vacuum pump and a view port for the horizontal cooling beam.
All our vacuum components have CF40 ﬂange size and are connected via copper
gaskets.
The main experimental chamber is cubic in shape with a 6.5 cm side. Three of
the sides have view ports for the MOT and the ODT and have anti-reﬂection coating
for 780 nm. The other side has a blank ﬂange which holds the spherical mirror. The
mirror substrate is mounted on a ceramic pedestal attached to the blank ﬂange as








Figure 6.1: Top view of vacuum system used for the dipole trap experiment.
Before we load Rb atoms in the MOT, we increase the partial pressure of Rb
in the experimental chamber. Rb dispensers from SAES are used to provide a
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controlled pressure of Rb. The dispensers consist of pure Rb mixed with other
alloys. We heat the dispenser by passing a current of 3.5 Amps. The pure Rb
evaporates into the chamber to be used for the experiment.
6.3 Laser System
As explained in the previous chapter, we need two diﬀerent laser systems for creating
our MOT, the cooling laser and the repump laser. The laser systems are set up on
diﬀerent optical table and combined together before being sent to the experimental
chamber via polarization maintaining single mode ﬁbers.
All the laser light for the experiment is obtained from single mode laser diodes.
Diode lasers are favored because of their wide tuning range, their compactness,
narrow linewidths and low cost. To stabilize the lasers, we lock them to the rubid-
ium spectrum using saturated absorption spectroscopy (author?) [37], a standard
technique for high resolution doppler free spectroscopy . In the case of the cooling
beam and the repump laser, the error signal for frequency locking is generated by
adding a modulation in the radio frequency domain (approx. 20 MHz) using an
electro optical modulator in the spectroscopy beam path. This technique results
in frequency stability of more than 2 MHz which is acceptable for our cooling and
repump beams. For additional stability, the linewidth for the detection beam is
narrowed down further to approximately 300 kHz using feedback from a diﬀraction
grating.
Cooling and repump laser
We obtain our cooling light from a free running laser diode. The single mode laser
diode is temperature stabilized to obtain a wavelength close to 780.241 nm using
a home built temperature controller. To operate the laser for a MOT, the laser is
locked onto the Doppler free saturated absorption signal. We lock onto the 52P3/2,
F'=2:3 crossover peak using a current lock to stabilize the frequency. While locked to
this crossover, the frequency of the laser is approximately 133 MHz red detuned from
the cooling transition. The current lock to this peak is unaﬀected by mechanical
noise due to the absence of a grating feedback and stays locked for days.
We obtain the repumping light from a similar free running laser diode. The
laser light is locked to the saturation proﬁle and shifted by a single pass acousto
optic modulator (AOM) such that it is resonant with the |52S1/2, F=1〉 → to |52P3/2,
F'=2〉 transition of the D2 line. Although this laser is situated on a diﬀerent optical
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Figure 6.2: Saturated absorption spectrum and corresponding locking signal. Top:
Spectroscopy signal for 87Rb transition |52S1/2, F=2〉 → |52P3/2, F'=1,2,3〉 . Bottom:
Corresponding locking signal including the crossovers. Both the cooling beam and
the detection beam are locked to the F'=2:3 crossover peak.
table we couple it into a single mode optical ﬁber to guide it to the cooling laser
table. Fig. 6.3 shows the optical layout for the free running MOT laser. The beam
is guided out of the diode housing into an optical isolator. The free running laser is
particularly vulnerable to optical feedback due to back reﬂections which destabilizes
the frequency and the optical isolator prevents this. The laser diode produces close
to 100 mW of power out of which 90 mW is obtained after the optical isolator.
An uncoated window picks oﬀ close to 1 mW of power for the saturated absorption
spectroscopy while the rest of the power is focused through a single pass AOM which
shifts the frequency of the beam up by 110 Mhz. At this stage, the frequency of the
beam is red detuned from the cooling transition by only 133 MHz  110Mhz = 22
MHz and is ready to be used for a MOT. The AOM is also used for switching the
























Figure 6.3: Laser setup for the cooling and repump beams.
We combine the repump beam as it emerged out of the optical ﬁber with the
cooling beam using a polarizing beam splitter (PBS). Half wave plates located at
both the cooling laser and the repumping laser paths allow us to control the power
of each beam. Although the polarization of the repump is orthogonal to the cooling
beam, this does not aﬀect the MOT.
Dipole trap laser
The light for the optical dipole trap is obtained from a 150 mW single mode 852
nm laser diode. The frequency is ﬁxed by passive stabilization of the laser housing
temperature within 10 mK. As the wavelength is far detuned from both the D1 and
D2 lines of
87Rb atomic transition, this is suﬃcient for the experiment. The light
from this particular single mode diode has an elliptical proﬁle which is corrected by a
cylindrical lens before it can be coupled into a single mode ﬁber for obtaining a clean
spatial mode. An AOM is used for intensity variation required in the temperature
and trap frequency measurement experiments.
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Probe laser
In our experiment we detect the presence of an atom by resonantly driving the
|52S1/2, F=2〉 → |52P3/2, F'=3〉 transition. However, due to the presence of the
dipole trap, our probe beam is blue detuned several linewidths with respect to the
resonance frequency to compensate for the light shifts induced.
A single grating stabilized laser diode at 780 nm provides the probe light. To
allow for wide range frequency tunability, we use the scheme as shown in Fig. 6.4.
One part of the light is double passed through a 82 MHz AOM and then locked to the
F'=2,3 crossover peak of the spectroscopy signal. As a result, the laser is frequency
stabilized to 297 MHz below the resonance frequency. The light to the experiment
is now passed through a double pass AOM whose frequency can be tuned between
+205 MHz to 255 MHz. The light ﬁnally passes through a  110 MHz single pass
AOM which is used for both lowering the frequency and for beam switching. The
ﬁnal frequency of the probe beam is +3 MHz  +103 MHz with respect to free space
resonance.
ECDL 




f’ = -133 MHz
Double Pass AOM
+(255 MHz-205 MHz)
+213MHz-113Mhz Single Pass AOM
 -110 MHz
Probe Light
f =+3 MHz - 103 MHz
Frequency Lock
Light to Experiment
Figure 6.4: Frequency scheme for the probe laser.
6.4 Magneto Optical Trap (MOT)
The MOT is located at the focus of the spherical mirror for cooling and loading
atoms into the dipole trap. We use a six-beam MOT conﬁguration consisting of
two retroﬂected, near-vertical beams and a third retroﬂected horizontal beam as
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shown in Fig.6.5. Each MOT beam consists of circularly polarized cooling light and
repump light. The cooling light has an intensity of 20 mW/cm2 per beam while the
repump light has an intensity of 5 mW/cm2.
The near-vertical beams have a waist of 500 µm with an angle of 5o from the
vertical to facilitate making a MOT close to the surface of the mirror. The horizontal
beam has a waist of 4.5 mm which gives maximum overlap with the intersection
region of the two near-vertical beams.
A pair of circular coils in an anti-Helmholtz conﬁguration generate the magnetic
gradient required for the MOT. The coils generate a magnetic gradient of 20 G/cm
which creates a compact MOT at the focus of the mirror. The coils are mounted on
a three dimensional translation stage. The center of the coils can thus be adjusted
to coincide with the center of the MOT beams. This is particularly important as
the beam overlap region in this experiment is small. Additionally, three pairs of
coils in Helmholtz conﬁguration are used around the chamber to nullify the earth's
magnetic ﬁeld. Under these conditions with the rubidium dispenser operating at 3.5
A, the MOT traps approximately 2 million atoms.
6.5 Dipole trap and detection
The spherical mirror has the dual purpose of focusing the dipole trap as well as
collection of the atomic ﬂuorescence into an optical ﬁber. The tightly focused waist
of the ODT allows us to utilize light assisted collisions to prepare a single atom.
The spherical mirror is used to collect atomic ﬂuorescence from a large solid angle
such that we can detect a single atom with high eﬃciency.
Dipole trap
We test the focusing performance of our mirror using the setup in Fig. 6.6(a). A
collimated 850 nm beam of waist 1 mm was incident on the mirror and the resulting
focus was imaged using a calibrated 20x long working distance microscope objective.
A 50:50 beam splitter was used as shown so that the focus could be imaged directly.
Fig. 6.6(b) shows the actual focus imaged by the microscope objective. A strong
central peak can be seen along with the presence of a secondary ring. Fitting the
cross section of the image shown in Fig. 6.6(c) to a Gaussian proﬁle gave a waist of
2± 0.1 microns. We estimated the power in the secondary ring to be approximately
12% of the total power in the focused spot. To do this, we ﬁtted a two dimensional




















Figure 6.5: Top: Experimental setup of the MOT and the dipole trap. Red detuned
780 nm laser beams with circular polarization cool a cloud of atom at the focus of
the spherical mirror. The mirror focuses 850 nm oﬀ-resonant light to a tight spot.
The retroﬂected vertical cooling beams and the dipole trap beam lie on the YZ
plane. The horizontal cooling beam is retroﬂected along the X direction. A pair
of coils perpedicular to the large horizontal beams provide the magnetic gradient
required for the MOT. Bottom: Top view of the cloud of rubidium cooled in front
of the mirror from the experiment. The vertical and horizontal beams are also visible
highlighting their intersection.
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the ring from the residuals.
Although an ideal optic with a focal length of 1.6 mm would yield a sub micron
spot size, spherical aberrations limit the achievable spot size and give rise to the
secondary ring. To verify this, we used smaller beam waists incident on the mirror
to avoid any clipping and the secondary ring is still present. In Table. 6.1, we list
the dipole trap waist size as a function of the incident beam waist. An incident
beam waist larger than 1 mm would cause signiﬁcant clipping on the edge of the
mirror. In our experiment we use an incident beam waist of 1 mm for our dipole
trap.





Table 6.1: Dipole trap waist as a function of incident beam waist.
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Figure 6.6: (a) Setup used to measure the spot size of the reﬂected light from the
spherical mirror. (b) Image of the spot showing the main peak and secondary rings.
(c) Cross section of the beam intensity showing a main Gaussian peak proﬁle and
smaller secondary ring.
Dipole trap light from the ﬁber is collimated by an aspheric lens to give a 1 mm
waist with a maximum available power of about 40 mW. The light is then combined
along the path of the collection optics using a dichroic mirror as shown in Fig. 5.
Using the measured waist of 2 µm focused waist as determined, we calculated a trap
depth of 2.5(2) mK for 850 nm.
Detection beam and optics
Light from the cooling beams scattering oﬀ the mirror surface drowns the ﬂurosence
signal from the atoms. To detect the atoms, we use an independent detection beam
with the cooling beams switched oﬀ. We use a linearly polarized light sheet which
has a 1 mm×100 µm cross section. As illustrated in Fig. 6.9, the light sheet is
retroﬂected to reduce the eﬀects of radiation pressure during imaging. The intensity
of the light sheet is such that it is at ﬁve times the saturation intensity of the
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Figure 6.7: Top: Surface plot of the focused spot proﬁle. Projections along the x
and y directions show the cross sections along the both directions. Bottom: Residual
after subtracting a two dimensional Gaussian proﬁle corresponding to the secondary











Figure 6.8: Stark shift of the excited and ground state of the relevant hyperﬁne
structure due to the presence of the ODT. The probe beam is 9Γ blue detuned with
respect to the original transition.
(F = 2→ F ′ = 3) transition for linear polarization and operated at a blue detuning
of 55 MHz. This detuning compensates the AC Stark shifts induced by the dipole
trap.
Light from the atoms is reﬂected into a nearly collimated beam by the spher-
ical mirror. The light is focused using a 18 mm focal length ashperic lens into a
multimode ﬁber connected to a single photon counting module (SPCM). Fig. 6.8
indicated the induced Stark shifts in the ground and excited hyperﬁne states due
to the presence of the ODT. A simulation based on this condition and taking into
account the intensity and detuning of the probe laser indicated an excited state
population of 8.3%. Taking this into account, we estimate that the atom scatters
approximately 700 photons during the 100 µs detection time out of which approx-
imately 2% are detected by the photon counting module. The 62.5 micron core
diameter of the ﬁber acts as a spatial ﬁlter cutting down on oﬀ-axis background
light. An additional narrow band interference ﬁlter at 780 nm eliminates spurious
external light at the collection coupler. The SPCM has an eﬃciency of approxi-
mately 60% at 780 nm and a typical dark count of 20 counts/s. Photon counts from
the detector are collected by the NI PCI-6602 counting board and summed up in
bins of 100 µs.
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Light Sheet Beam Profile
Figure 6.9: Optics setup for dipole trap and detection. Dipole trap light at 850 nm
is combined along the collection beam path using a dual coated mirror. The dichoric
mirror is reﬂective at 850 nm and transmissive at 780 nm. A retroﬂected light sheet
is used to excite the atoms trapped at the focus of the dipole trap. The ﬂuorescence
light is reﬂected into a near collimated beam by the spherical mirror. (Inset) Beam
proﬁle of the light sheet. A narrow band interference ﬁlter at 780 nm gets rid of
spurious external light at the collection coupler.
6.6 Experiment control
Typically, our experiment runs for 2 s with a time step resolution of 100 µs. During
this time, several instruments associated with the experiment have to be controlled
with high precision and in a repeatable manner. The photon number acquired
by the counting board has to be retrieved for atom detection. A computer-based
system is used for precise automated control and data acquisition from the photon
counting module in a synchronized manner. All the instruments in our experiment
are controlled with output from National Instruments output boards which produce
analog voltages from -10V to 10V and TTL pulses.
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Signal Type Controlling Voltage Range
Analog Probe laser AOM 01 V
Analog Cooling Laser AOM 01 V
Analog Repump Laser AOM 01 V
Analog Dipole trap AOM 00.5 V
Analog Texio power supply 36 Amps 010 V
TTL Trigger SPCM 
TTL SPCM Gate 
TTL Trigger Function Generator 
GPIB Function Generator 
Table 6.2: Summary of signal types and instruments for controlling the experiment.
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Chapter 7
Experimental Sequences and Results
This chapter describes in detail the experimental sequences and results obtained
from loading and characterizing the optical dipole trap. In the ﬁrst section, we talk
about the loading of the trap with multiple atoms and then using trap modulation
to determine the trap frequencies. The next section talks about preparing a single
atom in the dipole trap using light assisted collisions. We then measured the lifetime
and temperature of the single atom in the dipole trap.
7.1 Multi Atom Regime
Loading the dipole trap
The optical dipole trap creates a conservative potential inside the reservoir of atoms
cooled by the MOT. The conservative potential by itself is not suﬃcient enough to
trap the atoms in the trap. To trap the atoms permanently, atoms entering the trap
must be slowed down by a frictional force such that they do not possess suﬃcient
energy to escape the potential. This frictional force is provided by the MOT beams.
To implement the loading of atoms into the trap, we follow the sequence as shown
in Fig. 7.1. Once we have formed a MOT of approximately 2 million atoms around
the dipole trap, we ramp oﬀ the cooling and repump light in 20 ms. The magnetic
gradient is switched oﬀ in a few milliseconds. We wait for 50 ms and detect the
atoms with the probe light. For our maximum loading rate, we load an average of














Figure 7.2: Sequence for measurement of trap frequency.
Measurement of trap frequency
Although the harmonic approximation is used to estimate the trap frequencies of our
dipole trap, we conduct a direct measurement to conﬁrm our calculated values. We
use the standard technique of using parametric resonance [33] to measure our trap
frequencies. To do this, our trap power is modulated sinusoidally over a wide range
of frequencies. The trap will exhibit resonances close to twice the trap frequencies
when the energy of the system will grow exponentially leading to both heating and
atom number losses. We monitor atom number losses to determine these frequencies.
To implement the trap frecuency measurement, once the trap is loaded with
approximately 15 atoms, the trap power is initially lowered from 40 mW to 25 mW


















Figure 7.3: Trap frequency measurement. Atom number losses due to parametric
resonances peaks around approximately 10± 2 kHz and 120± 10 kHz.
maximum eﬃciency, no additional modulation cannot be added and thus the power
has to be lowered. We then modulate the trap power with an amplitude of 10% of
the total power and with frequency ranging from 1 kHz all the way up to 200 kHz.
In practice this is achieved by combining the modulation frequency from a function
generator with dc AOM amplitude modulation signal using a bias-T. To perturb the
atoms equally over a range of frequencies, we ﬁx the number of cycles of modulation
rather than the modulation period. Once the modulation is over we wait for 100 ms
and count the number of atoms surviving in the trap. We repeat the experiment
20 times to account for ﬂuctuation in the initial number of atoms loaded into the
trap. We plot the average number of surviving atoms in the trap as a function of
modulation frequency in Fig. 7.3.
With a trap power of 25 mW at 850 nm and with a waist of approximately 2
µm, we expect a radial frequency of ωr = 62 kHz and an axial frequency of ωz = 6
kHz. In our plot, the atom number losses peak at approximately 10 ± 2 kHz and
120± 10 kHz, which is consistent with twice of our calculated trap frequencies and
conﬁrms the previously measured beam waist.
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7.2 Single atom regime
Preparing a single atom
To prepare a single atom, we use the sequence given in Fig. 7.4. First the loading
rate is maximized such that we trap approximately 15 atoms. We then switch oﬀ
our magnetic coils, which reduces the loading rate to zero, and the cooling light is
left on for the next 100 ms to induce light assisted collisions. At the end of the 100














Figure 7.4: Sequence for preparation of a single atom.
The histogram of the counts detected from 2000 experiments is shown in Fig.
7.5. It exhibits a bimodal Poissonian distribution with contributions from zero and
one atom distribution. The distribution from zero atoms has a mean of 1 count per
100 µs exposure time consistent with that obtained from independent background
measurements. The remaining part of the distribution is from a single atom and
has a mean of 16 counts. Based on this, we can detect the presence of an atom with
greater than 99.7% conﬁdence. We set a detection of 4 photons or above in a 100
µs time interval to indicate the presence of a single atom. In this way we prepare a
single atom more than 70% of the time. If a single atom is not detected, we repeat
the entire sequence from the loading stage. Once we have a single atom, we apply
a 5 ms cooling pulse and proceed to conduct the single atom experiments.
Lifetime measurement
In the absence of near resonant light and loading from the MOT, the number of
atoms in the dipole trap are governed by
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Figure 7.5: Histogram of counts at the detector from a 100 µs excitation pulse
with the light sheet. The histogram shows two Poisson distributions with means
of approximately 16 counts and 1 count corresponding to single atom ﬂuorescence




where γ is the one-body loss coeﬃcient. Based on this, the number of trapped
atoms should follow an exponential decay with a lifetime give by 1/γ. This can be
extended to the single atom case where the survival probability of the atom in the
trap exhibits an exponential decay.
Atom loss from the dipole trap can be due to several mechanisms:
• The trapped atom undergoes collisions with the atoms from the background
gas and can escape from the trap. This loss mechanism will be proportional
to the background gas pressure in the chamber and at the current pressure we
expect a lifetime of a few seconds. However, the fact that our rubidium source
faces the trap directly can lower the lifetime because of a localized increase of
background gas pressure.
• From the previous section on the measurement of trap frequency, we know
that atoms get heated out of the trap rapidly when the ﬂuctuations of the
trap power are a multiple of the trap frequency. For signiﬁcant losses from the
trap, these ﬂuctuations have to be at least 10% of the total trap power and
closer to trap frequencies. The ﬂuctuations in our trap power are negligible in
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Figure 7.6: Survival probability of single atoms in the dipole trap as a function of
time. An exponential decay ﬁt of the data corresponds to a 1/e lifetime of 550 ±20
ms.
amplitude and slower than our trap frequencies.
• In the dipole trap, the atom scatters oﬀ resonant trapping light and leads to
an increase of its total energy by 2ER per scattered photon, where ER is the





and k is the wave vector of the scattered photon. Assuming the scattering
rate of Rsc, the heating rate is given by 2ER · Rsc. At our trap power, the
atom scatters approximately 70 photons/s of the 850 nm trapping light. This
corresponds to a heating rate of approximately 20 µK/s which is negligible
in the timescale of seconds as our trap depth is close to 2.5 mK. Thus this
mechanism can also be neglected when considering single atom loss from the
trap.
To measure the lifetime of the single atom, we calculate the survival probability of
the atom in the absence of near-resonant light. To implement this, once we have a
single atom in our trap, we switch oﬀ all of our 780 nm beams and hold the atom in
the trap for a time interval. We check if the atom has survived and record it. We
repeat it for 200 times for each time interval and calculate the survival probability
of the atom.
The survival probability of the atom decays exponentially as expected when
plotted with respect to time as in Fig. 7.6. When ﬁtted with an exponential decay
curve, it corresponds to a 1/e lifetime of 550±20 ms. The rubidium source causing
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a localized high pressure can be one possibility explaining the low lifetime.
Temperature measurement
In this section, we describe the procedure we use to measure the temperature of
a single atom trapped in the dipole trap. Standard methods of temperature mea-
surements for cold atoms such as ballistic expansion are diﬃcult to implement for a
single atom [50]. We use the release and recapture method used by previous single
atom experiments [51]to measure the temperature. However, by temperature we
mean the average temperature of a statistical ensemble of atoms in the dipole trap.
In the release and recapture method, we measure the survival probability of a
single atom in the dipole trap as a function of a release time when the trap is snapped
oﬀ. To implement this, once we have a single atom in our trap, we switch oﬀ the
optical dipole trap for a time interval and switch it back on to check if the atom
survived. The idea is that, an atom with higher temperature would possess higher
kinetic energy and would escape the trap faster compared to an atom with low
temperature. The atom either escapes or survives in the trap, making the detection
process binary and immune to ﬂuctuations in the intensity of the detection beam.
The survival probability of the atom as a function of time would be used to measure
the temperature.
To determine the temperature from this data, we use two diﬀerent approaches to
simulate the recapture of an atom in the dipole trap assuming a Maxwell-Boltzmann
distribution of the initial energy. In the ﬁrst approach, we treat the release and re-
capture process as a simpliﬁed one dimensional problem to derive a pseudo-analytical
solution for the survival probability as a function of release time. In this approach,
we ignore the spatial extent of the single atom due to ﬁnite temperature inside the
dipole trap. We also consider losses only along the radial directions because of the
time scales involved. In the second method, we do a full Monte Carlo simulation
[51] where the position distribution, as well as the velocity distribution in three di-
mensions are considered. The simulation takes into account losses along all three
directions and serves as a method to verify our simpliﬁed approach.
In the ﬁrst approach, we assume that the single atom initially sits at the middle
of the trap ignoring the spatial uncertainty. We only consider the escape of the atom
along one of the radial directions rather than the axial direction. This is because
the trap depth decreases more rapidly along with distance in the radial direction
than the axial and the atom has a higher chance of escape.









where U0 is the total trap depth and w is the beam waist of the dipole trap at the
focus. With an initial velocity of v, the velocity remains the same throughout the
process as gravity has a negligible eﬀect in these timescales. The ﬁnal position rf
of the atom after recapture time t is given by
rf = v · t. (7.4)
Now the atom will remain trapped in the dipole trap during the recapture event if
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Assuming that we know the trap depth U0, radial trap frequency ω and the waist of
the trapping beam, we can ﬁnd a maximum velocity v¯0 for which the atom would
remain trapped.

















where vrms is the rms velocity [30] assuming a MaxwellBoltzmann velocity distri-
bution of atoms in the dipole trap.












where η is the ratio of the trap depth to the average temperature of the atom. This is
the probability of survival of the atom along one dimension. The escape mechanism
along both the radial directions can be considered as equivalent and independent
with equal probability. Thus we can square the probability along a single direction
to obtain the total survival probability Ptot,
Ptot = Erf (v¯0
√
η)2 . (7.14)
The Monte Carlo simulation takes into account the spatial and the velocity distribu-
tion of the single atom in three dimensions due to ﬁnite temperature. Assuming an
average temperature T , we randomly generate three initial positions (xi, yi, zi) and
three initial velocities (vxi, vyi, vzi) where x and y correspond to the radial directions
and z to the axial. If we consider recapture time t, the new position along the x
axis is given by xf = xi + vxi · t and similarly for all other directions. Now if the
total energy of the atom in the harmonic trap is not negative, the atom is no longer
trapped. For this simulation, we simulate 10,000 trajectories of the atom for the
release and recapture event.
To implement this measurement, once we have a single atom in the dipole trap,
we switch oﬀ the trap for time intervals ranging from 5 µs all the way up to 50 µs
and record if the atom survives or not. To calculate the survival probability, we
repeat the experiment 200 times for every time interval and plot it in Fig. 7.7. Even
for a zero time release and recapture event, the atom is lost 5% of the time possibly
due unknown causes and we take this into account.
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Figure 7.7: Release and recapture experiment. Experiment results showing the sur-
vival probability of a single atom as a function of release time. Each measurement
point corresponds to 200 individual measurements. Error bars corresponds to sta-
tistical uncertainty assuming a binomial distribution. Fit by the simulations give
an average temperature of 417 ± 30 µK.
The experimental data obtained is shown in Fig. 7.7. The single atom survival
probability falls to nearly zero within 50 µs. The temperature is determined by a
χ2 ﬁt to the experimental data and is given by the dotted lines corresponding to the
two simulation methods. The simpliﬁed model gives us a temperature of 417 ± 30
µK while the full simulation gives us 420 ± 35 µK.
We conclude that our simple analytical model works as well as the full simulation
considering the small spatial extent of the atom in the trap at this temperature. We
are unable to explain why the temperature of the atom in the trap is as high as 400
µK. One possibility is that the preparation of the single atom using light assisted
collisions might lead to insuﬃcient Doppler cooling and another possibility is the





The main focus of the project was to develop mirror substrates for cavity QED
applications which can be integrated with atom chips [2] as well as ion traps [53,
54]. Our main requirements were that the substrates should have sub nanometer
roughness and a tight radius of curvature to enhance the light ﬁeld inside the cavity.
Inspired by the process of exposing air bubbles trapped in glass [39] to be used as
mirrors, we started by replicating the technique and further improving it.
Although the air bubble method created spherical mirrors with tight radius of
curvatures, there was no control over the dimension and location. The grinding
process often resulted in contamination of the substrates which could not be removed
using ultrasonic cleaning. One in ﬁve substrates were moderately clean enough to
be used as a cavity mirror. The cavity constructed using a mirror fabricated by this
method was measured to have a ﬁnesse below 1000 and the lack of reproducibility
motivated us to look for an alternative fabrication method. During the investigation
of this method, we learned not only how to perfect the cooling process of glass to
produce defect-free surfaces but also observed the bonding properties of softened
glass with ceramics which was useful in our second fabrication method.
We modiﬁed the process used to fabricate glass microspheres [42] to produce
smooth mirror substrates. Although the original fabrication produced surface rough-
ness in the nanometer scale, we adjusted the heating and cooling parameters to
produce surfaces with sub nanometer roughness. In contrast to the original method,
we avoided rapid heating or cooling while changing the cooling times. Using the
location of the holes in the ceramic, we ﬁx the location of the mirrors. This allowed
us to fabricate arrays of identical mirrors, which was a distinct advantage over the
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trapped air bubble method. We modeled the mirror formation process which allows
us to predict the dimensions as a property of the fabrication parameters. On exam-
ination of the surface proﬁle, the mirror was found to be spherical over the entire
aperture demonstrating a distinct advantage over other methods like laser ablation
of ﬁbers [13] and mirrors in silicon [14][15] where the mirror shape approximates a
sphere only over a small area.
We constructed a cavity with the curved mirrors and a ﬂat substrate to mea-
sure the ﬁnesse. Although for a mirror with ROC=5 mm, we had ﬁnesse of ap-
proximately 20,000, the ﬁnesse drastically dropped to 4000 for the mirror with
ROC=700µm. The standard high reﬂectivity coating methods are more suited
to ﬂat surfaces and degraded with tight curvatures. This was conﬁrmed by direct
transmission measurement and we concluded that our cavities were limited by the
coatings rather than the surface quality of the substrates. However, we noticed that
even with low ﬁnesse, the single atom cooperativity values for the cavities suggest
that they are suitable for cavity QED applications. For example, the Purcell factor





where C0 is the single atom cooperativity, determines the probability of emission
of a photon into the cavity mode. Considering the cavities constructed with the
0.7 mm and the 2mm substrate, Pe ≈ 0.95 and 0.91 respectively, highlighting the
potential application of these cavities for single photon sources or light collection
from an ion trap. Moreover, the 2 and 5 mm curvature mirrors also satisfy the
stronger condition of strong coupling [32] .
In addition to cavities, simple atom-photon interfaces can be built using strongly
focused laser light [20]. While previous experiments have used lenses to focus the
light, we designed an experiment using a spherical mirror to trap rubidium atoms as
well as collect ﬂuorescence light from the trapped atoms. In the experiment that we
conducted, the spherical mirror focuses the trapping light to a waist of approximate
2 µm and we use light assisted collisions to eliminate all but one atom. In this way,
we prepared single atoms with ∼ 70% eﬃciency and we detected the atom with
an eﬃciency of 99% in a 100 µs integration time. We use the trapped atoms to
characterize the dipole trap.
To characterize the trap, we measured the trapping frequency, lifetime and the
temperature of the single atom. Trap frequencies were measured using atom number
losses due to parametric heating when the trap light intensity was modulated. The
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results were consistent with the calculated values from earlier beam waist measure-
ment. The temperature was measured by using the release and recapture technique
identical to previous single atom trap experiments. While the previous experiments
used a Monte Carlo simulation to ﬁt the temperature data, we used a simpler ana-
lytical model to simulate the process. Although we ignored the spatial distribution
of a single atom in the trap and considered losses only along two directions, our
results were consistent with the full simulation.
In conclusion, the fabrication method developed over the course of this thesis
can be used to produce mirrors for applications as high ﬁnesse cavities and focusing
optical dipole traps for neutral atoms.
8.2 Improvements
Currently, when the cavities were constructed of mirrors with tight radius of curva-
ture, the ﬁnesse tends to be low. If the coating techniques could be further improved
through research and development for tighter curvatures, the ﬁnesse will be limited
only by the surface quality. As our typical surface roughness is 0.3 nm, we can easily
reach a ﬁnesse of 150,000 once the coating technique is perfected. The cavities con-
structed with these mirrors would be well within the strong coupling regime. Also
the small dimensions make them compact enough to be integrated with atom chips
and ion traps.
In the single atom trapping experiment, spherical aberrations distort the col-
lected light, preventing it to be collected eﬃciently into a single mode ﬁber. Al-
though a multimode ﬁber is suﬃcient for light collection and detection, many quan-
tum information applications require the emerging photon to be in a single mode. It
is suggested [24][28] that shrinking down the mirror dimensions will scale down the
aberrations so that light can be coupled eﬃciently into a single mode ﬁber. Since
the current experiment served as a proof of concept, future experiments should use
mirrors of radii below a millimeter for light coupling into a single mode ﬁber.
8.3 Future Directions
Integration of ﬁber cavities with ion traps have proven to be problematic because of
their extremely small length scale. Heating eﬀects in ion trap depend strongly with
the ion-to-surface distance and a cavity mirror close to an ion is not desirable. Our
mirrors can be used to make a cavity long enough to eliminate the surface heating
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eﬀects, yet the mode volume is small enough for strong coupling. A high single atom
cooperativity will enhance emission into the cavity mode strongly and could be used
to enhance the eﬃciency of experiments such as quantum teleportation between two
diﬀerent ion traps [56]. Also, the output of a cavity constructed with our mirrors
will have a single mode output. This is a distinct advantage over ﬁber cavities for
quantum information applications where a single photon mode is required [56].
As far as light collection is concerned, our mirrors can be used to collect light
from trapped single atoms or ions [28][24]. If the dimensions of the mirror are
reduced further, light can be eﬃciently collected from single trapped ions into single
mode ﬁbers. Ion traps can be fabricated on our mirrors to create a highly eﬃcient
ﬂuorescence collectors as proposed [54][53]. An array of mirrors can be used to create
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